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Isolation of Unbiased Chemical Exchange Saturation Transfer Effects at 7 T and Application to Brain
Tumors
Conventional magnetic resonance imaging (MRI) utilizes the signal of water protons for non-invasive imaging
of anatomical structures, while depending on contrast agents for reliable tumor detection. In chemical exchange
saturation transfer (CEST) MRI, selective saturation of chemically exchanging protons leads to a transfer and
accumulation of saturation in the water proton magnetization, effectively resulting in signal enhancement. Thus
CEST forms a spatially highly resolved imaging technique providing information on endogenous low concen-
trated biomolecules and their chemical environment.
However, in living tissue, only qualitative information can be obtained with conventional evaluation methods, as
CEST effects overlap each other and are biased by the signal of macromolecular cellular structures and water
relaxation parameters.
The aim of this thesis therefore was the isolation of unbiased CEST effects in vivo for quantitative CEST MRI
of brain tumors. The separation of effects was possible by applying a fit model to highly resolved data obtained
at ultra-high magnetic fields. This required the development of a method to correct for apparent transmit field
inhomogeneities. In a patient study, the vanishing of tumor contrast upon relaxation-compensation was observed.
Precise experiments with tissue samples identified an additional, previously disregarded contribution, allowing
the progress towards a novel CEST contrast. As it highlights similar structures as gadolinium contrast-enhanced
MR images, it may allow tumor detection, and possibly staging, without the injection of contrast agents.
Isolation of Unbiased Chemical Exchange Saturation Transfer Effects at 7 T and Application to Brain
Tumors
Konventionelle Magnet-Resonanz Tomographie (MRT) nutzt das Signal von Wasserprotonen zur nicht-invasiven
Bildgebung anatomischer Strukturen, wobei sie zur verlässlichen Detektion von Tumoren auf Kontrastmittel
angewiesen ist. In Chemical Exchange Saturation Transfer (CEST) MRT führt die selektive Sättigung von
chemisch austauschenden Protonen zu einem Transfer und einer Akkumulation der Sättigung in der Wasser-
protonen Magnetisierung, was effektiv in einer Verstärkung des Signals resultiert.
Im lebenden Geweben kann allerdings mit konventionellen Auswertemethoden höchstens qualitative Information
gewonnen werden, da CEST Effekte sich gegenseitig überlappen und durch das Signal von makromolekularen
zellulären Strukturen und Wasser Relaxationsparametern verfälscht werden.
Ziel dieser Arbeit war die Isolierung von unverfälschten CEST Effekten in vivo zur quantitativen CEST MRT von
Hirntumoren. Separation der Effekte war möglich durch Anwenden eines Fitmodels auf hochaufgelöste Daten,
welche bei sehr hohen Magnetfeldern aufgenommen wurden. Dazu war die Entwicklung einer Methode zur Kor-
rektur von lokalen Inhomogenitäten des Transmit-Feldes nötig. In einer Patientenstudie konnte das Verschwinden
des Tumorkontrastes in Folge der Kompensation von Relaxationseffekten beobachtet werden. Präzise Experi-
mente an Gewebeproben identifizierten einen zusätzlichen, zuvor außer Acht gelassenen Beitrag. Entsprechende
Korrektur ergab einen neuen CEST Kontrast, welcher ähnliche Strukturen hervorhebt wie MRT Bilder nach
Gadoliniuminjektion. Dadurch könnte er Tumordetektion und potentiell Tumorstaging ohne die Zugabe von
Kontrastmitteln ermöglichen.
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CHAPTER 1. INTRODUCTION
Chapter 1
Introduction
With the first detection of a nuclear magnetic resonance (NMR) signal of protons in condensed matter by the
research groups around F. Bloch [2] and E. Purcell [67] in 1946, a new tool for studying processes and com-
pounds in many fields of science and technology was discovered. The dependency of the resonance frequency
on the chemical environment of a nuclear spin, discovered by W. Proctor and F. Yu [66], is the foundation of
magnetic resonance spectroscopy (MRS). It took another 23 years until Lauterbur published the first application
of magnetic resonance imaging (MRI) by using magnetic field gradients [46]. Over the years MRI has developed
into one of the most important diagnostic tools in medicine. Especially its non-invasive character, due to the
absence of ionizing radiation or radioactive nuclides, and the distinct soft tissue contrast are responsible for the
success of MRI. Technological progress led to a steady improvement in image quality by the development of
stronger magnets, better electronic hardware, and modern computers allowing faster image reconstruction. The
fundamental equations that describe NMR in the liquid phase, the Bloch equations [2], involve the longitudi-
nal and transversal relaxation times T1 and T2, both of which exhibit strong dispersion in tissue and the basis
for the most widely used contrasts in MRI. In the context of proton MRI, only the detailed visualization of the
signal of water protons (44 M in human gray brain matter) is possible in a reasonable measurement time due to
the low abundance of protons in other chemical environments. By contrast, MRS gives access to specific bio-
chemical information, e.g., relative metabolite concentration and metabolic turnover [8] of a single, large volume.
Chemical exchange saturation transfer (CEST), introduced by Wolff and Balaban [102] and Ward et al. [97] uses
the water proton signal to probe other proton pools of much lower abundance. Magnetization transfer (MT) be-
tween water protons and solute protons, either by an actual proton exchange called chemical exchange (CE) or a
spin-state exchange mediated through dipolar interaction, termed nuclear Overhauser effect (NOE), is the basis
for this technique. By selective radio frequency (RF) irradiation of the solute proton signal, the magnetization of
the solute proton pool is annihilated or “saturated”. During this irradiation, which lasts for multiple hundreds of
milliseconds to multiple seconds, saturation is continuously transferred to the water proton pool and accumulates
there, leading to a enhancement of the saturation – or loss of magnetization – for the water proton pool, compared
to the solute proton pool. This amplification – of the order of the exchange rate of the process – allows the indi-
rect imaging of solutes such as metabolites or proteins via the strong signal of the water pool. Presaturation with
different frequency offsets and the subsequent water image acquisition normalized with an unsaturated image
yields a so called Z-spectrum in every volume element (voxel) of the image.
Unfortunately, the increase in signal is accompanied by a loss of specificity of CEST compared to MRS. CEST is
not selective to specific metabolites or proteins but to functional groups within these compounds. One of the most
prominent CEST effects in vivo is attributed to the amide protons of the peptide bonds in the backbone of mobile
proteins at a frequency offset ∆ω = 3.5ppm relative to the water proton frequency [122]. More recently the effect
at ∆ω =−3.5ppm has been traced to covalently bound aliphatic protons of mobile proteins that transfer the mag-
netization via a combination of NOE and the CE of adjacent functional groups to the water protons. This indirect
magnetization transfer process is dubbed exchange-relayed NOE (rNOE) [93, 103]. Thus CEST is a promising
tool for non-invasive studies of mobile proteins in vivo. Additionally, some metabolites have been reported as
possible candidates for in vivo CEST imaging, e.g., creatine [24, 43], glutamate [4, 32], glucose [7, 94], and
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glycosaminoglycans (GAG) [50, 75]. Apart from protein or metabolite concentration, CEST also allows access
to physical and physiological parameters such as pH or temperature via the dependency of the exchange rate on
these parameters [20, 48, 122].
The interpretation of the CEST contrast is not straightforward, as CEST effects in the Z-spectrum are overlapped
by the direct water saturation, or "spillover" and the semi-solid MT (ssMT) [12, 81, 85, 111]. Additionally, the
effects are scaled by T1 of water. Furthermore, the commonly used asymmetry analysis of Z-spectra introduced
by Zhou et al. [122] mixes down- and upfield effects [73]. On the contrary, highly sampled Z-spectra allow sep-
aration of the effects apparent in the Z-spectrum without the use of the asymmetry analysis by fitting each effect
with a Lorentzian function [111]. Zaiss et al. [114] showed that CEST effects add up inversely, hence the isola-
tion of CEST effects is necessary but not sufficient to attain an unbiased CEST signal. This means that the CEST
effects are diluted by the spillover and ssMT contributions, which vary individually across anatomical structures,
thus adulterating the image contrast. Fortunately, the inverse metric allows for compensation of these effects
giving access to quantitative and unbiased apparent exchange-dependent relaxation (AREX), a parameter that is
spillover-, ssMT-, and T1-corrected.
The increasing static magnetic field strengths of whole body MR tomographs induces higher nuclear spin po-
larization, and hence a higher NMR signal. In principle this allows the acquisition of MR images with higher
spatial resolution in the same measurement time. However, the RF field inhomogeneities and prolonged T1 re-
laxation times that accompany higher static magnetic fields adversely affect the potential for MRI. Nevertheless,
both MRS and CEST profit from the additional increase in spectral resolution [60]. The increased T1 times
with higher fields actually benefits CEST, and only the RF field inhomogeneity poses a substantial problem since
spillover, ssMT, and CEST effects depend on the RF field amplitude B1 [12, 53, 86]. These advantages make
CEST a promising tool, especially for new generation whole body scanners with static magnetic field strengths
> 7T.
To date, CEST has been applied in many pre-clinical and clinical studies examining human brain tumor [36,
65, 91, 123], mamma carcinoma [6, 15, 74], stroke [88, 89, 90], Alzheimer’s disease [25], and cartilage in the
human knee [44, 50, 79]. In the context of tumor imaging, it was shown that CEST allows the differentiation
between radiation necrosis and glioma [123]. Furthermore, the aliphatic rNOE signal has been suggested to be
potentially applicable for tumor staging [27]. However, these studies do not incorporate relaxation compensation.
The purpose of this thesis was to investigate the spillover-, ssMT-, and T1-corrected CEST contrasts of different
CEST effects in patients with brain tumors at 7 T over the course of a clinical study. This required an adaption
of the CEST sequence in order to get an optimized CEST contrast in the human brain. To correct for apparent
B1 inhomogeneities, a universal method using interpolation/fitting of multiple measurements at different B1 was
developed and evaluated. In this first clinical study on human brain tumor patients with unbiased CEST contrasts,
a reduction of tumor contrast compared to images without spillover-, ssMT- and T1 correction was observed.
For a deeper understanding of the CEST effects in brain tissue, experiments with homogenate of tissue samples
from pig brain were performed. The quantification of a rNOE signal superimposed to the amide protons CE sig-
nal led to the downfield-NOE-suppressed AREX (dnsAREX) contrast. This contrast showed interesting features
in the tumor area correlating with structures in gadolinium contrast-enhanced T1-weighted (gdce-T1) images,
which represent the gold standard of brain tumor diagnostics with MRI [13].
2
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Chapter 2
NMR Basics
This chapter covers the fundamental theory of nuclear magnetic resonance and some of the principles and tech-
niques used in magnetic resonance imaging. For more details, the reader is referred to the textbooks from Haacke
et al. [22] and de Graaf [8].
2.1 Nuclear spins in a magnetic field
The primary components of any nucleus, protons and neutrons, are both fermions. Since fermions have a half-
numbered spin, all nuclei with an uneven number of protons and/or neutrons have non-zero nuclear spin~I. Hence
the nucleus of hydrogen 1H, consisting of one proton, has a nuclear spin of 1/2. Analogous to the electron
spin, the nuclear spin obeys the algebra of quantum mechanical angular momentum. The nuclear spin operator
~ˆI = (Iˆx, Iˆy, Iˆz) therefore has the following commutator relations:[
Iˆk, Iˆl
]
= ih¯ εklm Iˆm (2.1)[
~ˆI 2, Iˆk
]
= 0 (2.2)
The angular momentum quantum number I and the magnetic quantum number m = (−I,−I+ 1, ..., I− 1, I) are
the eigenstates of the commuting operators ~ˆI 2 and Iˆz:
~ˆI 2 |I,m〉= h¯2(I(I+1)) |I,m〉 (2.3)
Iˆz |I,m〉= h¯m |I,m〉 (2.4)
A nuclear spin exhibits a magnetic moment:
~ˆµ = γ~ˆI (2.5)
with gyromagnetic ratio γ . The experimental value of the gyromagnetic ratio for the proton is γ = 2.675 ·
108 rad s−1 T−1, γ2pi = 42.58MHz T
−1. A magnetic moment in an external magnetic field ~B = (0,0,B0) is de-
scribed by the Hamiltonian:
Hˆ =−~ˆµ ·~B =−γIz ·B0 (2.6)
The commutator relations of the angular momentum and the Hamiltonian are:
[
~ˆI 2, Hˆ
]
= 0 and
[
Iˆz, Hˆ
]
= 0. Hence
|I,m〉 are also eigenstates of Hˆ. This leads to the following solution of the time-independent Schrödinger equation
for static magnetic fields:
Hˆ |I,m〉= Em |I,m〉=−γmh¯B0 |I,m〉 (2.7)
This implies a discrete splitting of the energy levels due to different magnetic quantum numbers m known as
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Zeeman splitting. A transition between two neighboring energy levels can be induced by absorption or emission
of a photon:
∆E = γ h¯B0 = h¯ω0 (2.8)
In the case of irradiation with electromagnetic waves with radial frequency ω0 the state of “resonance”, leads to
a depopulation of the lower energy level and a population gain for the higher energy level. This nuclear magnetic
resonance frequency ω0 = γB0 is called the Larmor frequency.
2.2 Macroscopic magnetization
In most NMR experiments, a system with constant volume and fixed number of particles that is is in thermal
equilibrium with a reservoir is examined. In statistical physics such a system is called a canonical ensemble.
Hence the population of an energy level Em is governed by the Boltzmann law:
p(Em) =
e−
Em
kBT
Z
(2.9)
with the canonical number of states Z = ∑m e
− EmkBT , Boltzmann constant kB, and the equilibrium temperature T in
Kelvin. For simplicity a two-level system, as for the case of nuclear spin-1/2, with population numbers N± for
the energy levels Em=±1/2 is assumed in the following. The z-component of the magnetic moment is given by
〈µˆz〉= γ 〈Iˆz〉= γ
(
p− 12
〈I,− 12 |Iˆz|I,− 12 〉+ p+ 12
〈I,+ 12 |Iˆz|I,+ 12 〉
)
= 12γ h¯
(
p
+
1
2
− p− 12
)
=
1
2
γ h¯P (2.10)
At thermal equilibrium the difference in population of the states, called the polarization P, is equal to the differ-
ence in probabilities:
P =
∆N
N
= p+ 12
− p− 12 (2.11)
Using the energy levels from equation 2.7,
P =
e
γ h¯B0
2kBT − e−
γ h¯B0
2kBT
e
γ h¯B0
2kBT + e−
γ h¯B0
2kBT
= tanh
(
γ h¯B0
2kBT
)
≈ γ h¯B0
2kBT
(2.12)
The approximation holds for high temperatures (γ h¯B0 << kBT ) and is fulfilled for all magnetic field strengths
used in this work at room temperature. Thus, the polarization of the protons in a sample of water in a magnetic
field B0 = 7T at room temperature T = 298.15K is P ≈ 2.4 · 10−5. Summing up the magnetic moments in a
volume V yields the Curie law with the macroscopic magnetization M0:
M0 =
N
∑
i=1
〈µˆz〉
V
=
γ2h¯2NB0
4kBV T
(2.13)
With such a very small polarization it is only the huge number of protons (≈ 6.6 · 109 per mm3 for pure water)
that allows the detection of an NMR signal in a rapid manner.
2.2.1 Time evolution of the magnetization
The time-dependent Schrödinger Equation describes a nuclear spin in a time-dependent magnetic field ~B(t) using
the time-dependent Hamilton operator Hˆ(t) =−~ˆµ ·~B(t).
ih¯
∂
∂ t
|I,m〉= Hˆ(t) |I,m〉 (2.14)
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The time dependence of the expectation value of the magnetic moment ~ˆµ is given by the Ehrenfest theorem:
d
dt
〈
~ˆµ
〉
=
i
h¯
〈[
Hˆ,~ˆµ
]〉
+
〈
∂~ˆµ
∂ t
〉
(2.15)
with the commutator relations of equation (2.1), this leads to:
d
dt
〈
~ˆµ
〉
=
〈
~ˆµ
〉
× γ~B(t) (2.16)
The correspondence principle formulated by Niels Bohr allows the transition from the quantum mechanical de-
scription of 〈~ˆµ〉 to the classical description of the macroscopic magnetization vector ~M:
d
dt
~M(t) = ~M(t)× γ~B(t) (2.17)
Conventionally, a static magnetic field ~B0 in the z direction and a time-dependent radio frequency (RF) field
~B1(t), that rotates in the xy-plane with the frequency ωRF are assumed:
~B(t) = ~B0+ ~B1(t) =
 00
B0
+B1
cos(ωRF t)sin(ωRF t)
0
 (2.18)
For a simplified representation of the the problem, a transformation into a rotating frame of reference (x’, y’,
z’=z) is performed. This new frame of reference rotates with frequency ωRF in the xy-plane, hence both ~B0 and
~B1 are static forming the effective field ~Be f f =
~ωe f f
γ :
d
dt
~M′(t) = ~M′(t)×~ωe f f with ~ωe f f =
 γB10
γB0−ωRF
 (2.19)
The z component of the effective field can be expressed in general as B0− ωRFγ = ∆ωγ , with ∆ω = ω0−ωRF . The
magnetization precesses around the effective field with frequency ωe f f =
√
ω21 +∆ω2, as illustrated in figure
2.1. For far off-resonant irradiation ∆ω  ω1, ~ωe f f almost aligns with the z axis. If the system is in resonance
ωRF = ω0 = γB0, only the B1 field acts on the magnetization and ~ωe f f aligns with the x’-axis.
Figure 2.1: The effective field dur-
ing off-resonant irradiation. The
effective frame is tilted by the an-
gle θ = arctan( ω1∆ω ) away from the
z-axis.
Hence if the RF field B1 is applied on-resonant for a duration tp, the final angle α of the magnetization relative to
the z’-axis is given by equation (2.20). The angle α is also called the flip angle:
α =
∫ tp
0
γ B1(τ) dτ (2.20)
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For a constant amplitude B1, the flip angle is given by α = γ B1 tp.
In the case of far off-resonant irradiation with ∆ω  ω1, the magnetization precesses around the z’-axis with
frequency ∆ω . The relaxation of the magnetization back to the state of equilibrium ~M = (0,0,M0) is described
in the following section.
2.2.2 Bloch equations
Based on experimental results, Felix Bloch expanded the equations of motion (2.17) with relaxation terms thereby
developing the fundamental equations of NMR – the Bloch Equations:
dMx(t)
dt
= γ(~M(t)×~B(t))x− Mx(t)T 2
dMy(t)
dt
= γ(~M(t)×~B(t))y− My(t)T 2
dMz(t)
dt
= γ(~M(t)×~B(t))z+ Mz(t)−M0T 1
(2.21)
with the transversal spin-spin relaxation time T2, the longitudinal spin-lattice relaxation time T1, and the equi-
librium magnetization M0 introduced in equation (2.13).
The transversal relaxation is due to dephasing spin packages, reducing the overall magnetization ~M. In this
process there is no exchange of energy with the environment, or the reservoir, but only between spin packages
themselves. The longitudinal relaxation is a result of the coupling of the spin system to the reservoir or “lattice”,
leading to a transfer of energy from the spin packages to this reservoir. This is caused by time-varying magnetic
fields induced by the motion of molecules and results in an increase of the temperature of the sample (see section
2.4.7). Typical relaxation times of tissue are given in table 2.1 below.
tissue type T1 [ms] T2 [ms]1.5 T 3 T 7 T 1.5 T 3 T 7 T
white brain matter 615±121 832±10 2 1220±363 69.4±1.5 1 79.6±0.6 2 –
gray brain matter 1002±561 1331±13 2 2132±1033 92.1±2.6 1 110±2 2 –
cerebrospinal fluid 4070±653 – 4425±1373 – – –
skeletal muscle 1008±204 1412±134 – 44±64 50±44 –
blood 1441±1204 1932±854 2587±2833 290±304 275±504 –
Table 2.1: Typical T1 and T2 relaxation times in human tissues at different static magnetic field
strengths B0. Data was taken from: 1: Deoni et al. [9], 2: Wansapura et al. [96], 3: Rooney et al.
[71], 4: Stanisz et al. [82].
2.2.3 The NMR signal
For a simplified representation, the x and y components of the magnetization are combined to a complex trans-
verse component M⊥ = Mx(t)+ iMy(t). This leads to the following solution of the Bloch Equations 2.21 under
the sole influence of the static magnetic field:
M⊥(t) = M⊥(t)e iω0 t e−
t
T 2
Mz(t) = M0− (M0−Mz(0))e− tT 1
(2.22)
The oscillating transverse component induces a voltage Uind in the receive coil of the NMR apparatus. This
voltage can be measured and is referred to as the NMR signal, and which is proportional to the transverse mag-
netization inside the measurement volume:
S(t) =Uind =
∫
ρ(~r)e iω0 tdV (2.23)
with the spatial distribution of spins that contribute to the NMR signal ρ(~r).
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The transversal relaxation leads to an exponential decay of the NMR signal:
S(t) = A0 e iω0 te−
t
T 2∗ (2.24)
which is known as free induction decay (FID) (Fig. 2.2. In a real NMR experiment, the transversal relaxation
time T2 is further reduced to T2∗ (T2∗ < T2) because of local B0 field inhomogeneities leading to a spatial
dependency of the dephasing of the spin packages. The Fourier transformation (FT) of the NMR signal has a
Lorentzian lineshape with full width at half maximum (FWHM): Γ= 2T 2∗ .
Figure 2.2: The Fourier transformation (FT) of the FID (a) has a Lorentzian line shape with
center frequency ω0 in the spectrum (b). The relaxation time T2∗ leads to the exponential decay
of the signal (a) and consequently to a broadening of the Lorentzian in the NMR spectrum (b).
By applying a 180◦ pulse after a certain time t = T E/2, the dephasing due to local B0 field inhomogeneities can
be reversed as illustrated in in figure 2.3. The result is a spin echo that reaches maximum amplitude at t = T E.
Figure 2.3: Spin echo in the rotating frame of ref-
erence. Equilibrium state of the magnetization vec-
tor oriented in the z direction (a). Flipping of the
magnetization onto the x’-axis using a 90◦ pulse
(b). Dephasing of the spin packages and decreas-
ing of the magnetization (c). Inversion of the mag-
netization in the xy-plane by using a 180◦ pulse (d).
Buildup of the echo by rephasing of the spin pack-
ages (e). Time point of the maximum echo ampli-
tude t = T E (f). Signal showing the spin echo (g).
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2.3 Chemical shift
The electron cloud surrounding a nucleus shields the nucleus from the main magnetic field leading the nucleus
to experience a local field Bloc = B0 + δB. Hence the resonance frequency is shifted by δω = γδB. This shift
depends strongly on the chemical environment, namely the molecular structure and the bonding partners and is
thus called the chemical shift. For a field-independent representation, it is defined by the parts per million (ppm)
scale:
δ [ppm] =
ω−ωre f
ωre f
·106 (2.25)
relative to a reference frequency ωre f . For example, for NMR spectroscopy involving 1H and 13C, the resonance
frequency of the methyl group of tetramethylsilane (TMS) is commonly used for ωre f . In magnetization transfer
experiments however, the water proton resonance frequency is used. The convention for the direction of the
frequency axis is from downfield (higher frequency) to upfield (lower frequency). The frequency of the irradiation
frequency relative to the water proton resonance frequency ∆ω is also given in ppm and can be transformed to
Hz by equation 2.25.
2.4 NMR imaging
By adding a gradient field ~G that spatially modifies the static magnetic field strength B0, the Larmor frequency
becomes spatially dependent:
~B(~x) = B0 ·~ez+(~G ·~x) ·~ez (2.26)
ω0(~r, t) = γ (B0+ ~G(~r, t)) (2.27)
~x is a point in space, whereas~r defines the location of a spin.
Thus, spatial encoding of the MR signal can be achieved. To maintain the original quantization axis of the nuclear
spins, the orientation of the gradient field is parallel to the static magnetic field ~G ‖ ~B0.
2.4.1 k-Space
With this additional gradient field, the NMR signal (eq. 2.23) is given by:
S(t)∼
∫
ρ(~r)e iω0 t e iγ ~G(t)~r tdV (2.28)
In the rotating frame the NMR signal is only dependent on the spatial distribution of the spins and the gradient
field:
S(t)∼
∫
ρ(~r)e iγ ~G(t)~r tdV (2.29)
The vector~k is defined as the zeroth gradient moment:
~k =
γ
2pi
∫ t
0
~G(τ)dτ (2.30)
and helps to link the the NMR signal S(t) and the spatial spin distribution ρ(~r) via a Fourier transformation:
S(t)∼
∫
ρ(~r)e i~k(t)~r dV (2.31)
Hence k-space is in the spatial frequency domain with the contrast of the image being stored at the center and the
information about sharp edges in the periphery. The successive filling of k-space during the acquisition of an MR
image is described in the following sections. Firstly, the reduction of the problem to two dimensions with slice
selective excitation is described, then the principles of phase- and frequency-encoding will be introduced.
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2.4.2 Slice selection
The application of a linear gradient in the z direction during the excitation with an RF pulse of bandwidth ∆ωRF
leads to the excitation of a slice with thickness:
∆z =
∆ωRF
2piγGz
(2.32)
The position of the slice is given by the center frequency of the RF pulse.
2.4.3 Phase encoding
After the slice selective excitation is applied, all spin packages are precessing in phase around the z-axis with
Larmor frequency ω0. By applying a gradient in the y direction for a certain period of time, the phase relation of
the spin packages is changed depending on their position along the y-axis. This phase relation thereby encodes
the y position. Phase-encoding has to be performed before the actual signal acquisition. Since only one phase is
acquired per phase-encoding step per spin package, multiple steps are necessary to reconstruct the whole image.
2.4.4 Frequency encoding
During the readout of the signal, another gradient in the x direction is applied. Thereby the frequency of the
spin packages during the readout is dependent on the x position. Hence, instead of one frequency, a spectrum
of frequencies is acquired allowing the reconstruction of an image. Frequency encoding is commonly used in
combination with the gradient echo technique, which is described in the following section.
2.4.5 Gradient echo
Gradients can be used for deliberate dephasing and rephasing of the spin packages allowing the formation of fast
gradient echoes. In comparison to spin echoes, these echoes can be formed much faster, thereby allowing faster
image acquisition. The fast, low-angle shot (FLASH) sequence is the most prominent example of a gradient echo
sequence and is illustrated in figure 2.4. Short excitation pulses flip the magnetization by an angle α onto the
y’-axis. By means of gradient and phase encoding, one k-space line is acquired per repetition in the time period
TR (TR < 10 ms). This allows fast and robust acquisition of the whole k-space. Spoiling gradients are gradients
used to dephase residual magnetization in the transverse plane to minimize the occurrence of false or stimulated
echoes that can negatively affect the image quality.
2.4.6 Signal-to-noise ratio (SNR)
Due to the low sensitivity of NMR, image quality is often strongly dependent on the amount of signal relative
to the background noise. The signal-to-noise ratio (SNR) is defined as the average signal in a region of interest
(ROI) inside the measurement volume1 divided by the standard deviation of a ROI in the background noise,
outside of the measurement volume:
SNR =
mean signal intensity
standard deviation of background noise
(2.33)
The main contribution to the image noise at common magnetic field strengths originates from thermal noise of
the measurement volume. However, electronic noise produced by the amplifiers, the coils, and the electronic
circuits is also present. For the same measured volumen, a larger coil has a lower SNR than a smaller coil. The
SNR of a voxel is proportional to its volume and can be increased by signal averaging (SNR ∝√navg).
2.4.7 Specific absorption rate (SAR)
The energy of the RF field applied in NMR imaging is smaller by many orders of magnitude than the binding
energy of an electron in a molecule; The energy of hydrogen bonds is also orders of magnitude higher. Hence,
1In this case the measurement volume denominates the volume containing the spin-bearing particles that produce the NMR signal, so the
tissue or model solution – not the volume inside the NMR coil.
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Figure 2.4: The gradient echo sequence: fast, low-
angle shot (FLASH). As described in section 2.4, gra-
dients in all directions help to encode spatial informa-
tion. With the gradient echo it is possible to achieve
a short echo time (TE) and hence a short repetition
time (TR), leading to a fast and robust acquisition of
k-space.
the applied RF field cannot alter the electrical or covalent structure of molecules in the measurement volume or
break chemical bonds. The rotational frequency of water is ≈ 20GHz, also far away from the ≈ 300MHz RF
frequency. Biological tissues are therefore mostly transparent for the RF field. The interaction of the RF field with
the tissue is mostly based on the influence of free charge carriers and molecular dipoles. The alternating electrical
field produces currents that lead to a motion of the free charge carriers, leading to thermal heating. Additionally,
molecular dipoles (such as water molecules) experience an oscillating change of position, also leading to a heating
of the tissue. In order not to harm the examined tissue, certain restrictions have to be complied with. For this
purpose, the specific absorption rate (SAR) is fixed by law for NMR measurements on humans [17] and is given
in power per weight (W/kg) and can be interpreted as a measure of temperature increase. The SAR is defined as:
SAR =
∫ σ(~r) · ∣∣∣~E(~r)∣∣∣2
ρ(~r)
dV = c
dT
dt
(2.34)
with the exposed volume V , the electrical conductivity σ , the time average of the electrical field ~E of the RF field,
the mass density of the volume ρ , and the specific heat capacity c. The SAR is quadratically proportional to the
static magnetic field strength B0 and the magnetic field strength of the RF field B1 [22].
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Chapter 3
Magnetization Transfer and CEST
For more details on magnetization transfer and CEST the reader is referred to review articles [53, 63, 108]. With
regard to CEST, the main focus of this chapter is the magnetization transfer between the water protons and the
protons of less abundant solutes.
3.1 Magnetization transfer processes
Magnetization can be transferred between different proton pools by various physical processes. In this context,
a proton pool is defined by identical chemical shifts δi, identical exchange rates ki j to other pools, and identical
relaxation properties.
Chemical exchange
Chemical reactions lead to a physical exchange of protons between two pools. Although the chemical envi-
ronment of the protons changes, the state of the nuclear spins does not and hence magnetization is exchanged
between both pools via this chemical exchange (CE) [48].
Dipolar interaction
The nuclear spins of atoms in close proximity to each other form a coupled spin system. Thus magnetization is
transfered by dipolar interaction, which can either result in a relaxation or enhancement of the magnetization of
a pool. This is known as nuclear Overhauser effect (NOE) [63, 80].
Molecular motion
Molecules can transfer from a bound state to a free state and vice versa. This conformational change can alter the
chemical shift and relaxation characteristics of protons inside the molecule, leading to a transfer of magnetization
from one pool to another [101].
A more detailed description of these processes follows after the introduction of the mathematical description of
magnetization transfer in general.
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3.1.1 Bloch-McConnell Equations
Expanding the Bloch Equations (see section 2.2.2 ) with magnetization transfer terms yields the Bloch-McConnell
Equations [57] (Eq. 3.1):
d
dt
Mxw = −∆ωMyw −R2wMxw + kswMxs −kwsMxw
d
dt
Myw = +∆ωMxw −R2wMyw−ω1Mzw + kswMys −kwsMyw
d
dt
Mzw = +ω1Myw −R1w(Mzw−M0,w) + kswMzs −kwsMzw
d
dt
Mxs = −∆ωsMys −R2sMxs − kswMxs +kwsMxw
d
dt
Mys = +∆ωsMxs −R2sMys−ω1Mzs − kswMys +kwsMyw
d
dt
Mzs = +ω1Mys −R1s(Mzs−M0,s) − kswMzs +kwsMzw
(3.1)
These coupled differential equations describe the dynamics of the magnetization of two proton pools during RF
irradiation. Without loss of generality, we consider the water proton pool w and a solute proton pool s in a static
magnetic field ~B0 = (0,0,B0) with equilibrium magnetizations M0,w and M0,s, respectively. The term fs is the
relative population fraction fs =
M0,s
M0,w
. With the magnetization transfer rate or exchange rate1 ksw of the forward
transfer (s→ w) and kws of the back transfer of magnetization (w→ s), the equilibrium condition is given as:
ksw ·M0,s = kws ·M0,w
Thus the relation between the two rates is given by: kws = fs · ksw. The RF irradiation with ~B1 = (B1,0,0)
in the rotating frame, induces a precession of the magnetization around the x’-axis with frequency ω1 = γB1.
The frequency offset of the RF irradiation relative to the Larmor frequency of the solute pool ωs is given as
∆ωs = ωRF −ωs, for the water proton pool ∆ωw = ωRF −ωs ≡ ∆ω . The shift of pool s relative to the water pool
in rad s−1 is given by δωs 2. The relaxation rates R1 and R2 are the inverse of the relaxation times T1 and T2
of the corresponding pool. This system of equations can easily be expanding to add more solute pools that also
exchange magnetization with water. Magnetization transfer among different solute pools is neglected in this case.
3.1.2 Chemical exchange
The chemical exchange (CE) of protons from a functional group of a protein, peptide, metabolite, etc. with a
proton of free water is one pathway for the transfer of magnetization. The rate ksw characterized this transfer
from the solute proton pool (the pool of protons of the functional groups) to the water proton pool and depends
on pH, temperature T , buffer concentration and buffer type [124, 48]:
ksw(pH,T ) = kbase(T ) ·10pH−pKw(T )+ kacid(T ) ·10−pH + kbu f f er (3.2)
with the base (H3O+) catalyzed reaction rate kbase, the acid (OH−) catalyzed reaction rate kacid , and the buffer-
catalyzed reaction rate kbu f f er. The dissociation constant of water pKw is given by pKw =−log10([H3O+] [OH−])
and is approximately pKw(25 ◦C)≈ 14 and pKw(37 ◦C)≈ 13.6 [99]. The rates are also dependent on the temper-
ature of the solution as described by the Arrhenius Law [20]:
k(T ) = k(298.15K) · e EaR ( 1298.15K− 1T ) (3.3)
where Ea is the activation energy and R is the universal gas constant (8.314J mol−1 K−1).
Hence, depending on the character of the functional group, the exchange rate increases or decreases with rising
1Magnetization transfer rate and exchange rate are used equivalently throughout this work.
2Uppercase ∆ always refers RF irradiation relative to a reference, whereas lowercase δ refers to the physical shift of a pool relative to the
water frequency. This means that for RF irradiation on-resonant on pool s: ∆ω = δωs and ∆ωs = 0.
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pH, whereas all exchange rates increase with rising temperature. The influence of the type and concentration of
the buffer system are combined in kbu f f er, which varies strongly with different functional groups.
Table 3.1 lists some functional groups that occur naturally in human tissue, with their corresponding chemical
shifts and exchange rates. Besides those “endogenous agent”, there are also other exogenous molecules that
exhibit magnetization transfer with water, e.g. the CT contrast agent iopamidol with two prominent amide reso-
nances [54] and paramagnetic agents with strong frequency shifts used in the context of PARACEST [116].
functional group solute δs [ppm] ksw[Hz]
amide1,2 -NH proteins 3.5 28.6-280
amine3 -NH2 proteins/metabolites 2.0 700-10000
hydroxyl4,5 -OH glutamate 3.0 2000-4500
guanidinium6 -(NH2)+2 creatine 1.9 950
hydroxyl7 -OH glycosaminoglycan 1-2 1000
Table 3.1: Overview of exchange rates of functional groups from molecules that are in chemical
exchange with water protons and are abundant in human tissue. Data is taken from references:
1: Zhou et al. [122], 2: Liu et al. [51], 3: Liepinsh and Otting [48], 4: Cai et al. [4], 5: Jin et al.
[30], 6: Kogan et al. [43], 7: Ling et al. [49].
3.1.3 Dipolar interaction
Instead of a physical exchange of the protons, the dipolar interaction may lead to an exchange of spin states
between two protons. In the NMR experiment this is indistinguishable to the chemical exchange since there is no
way to mark the proton, only the state of the spin. However, the process has completely different physical origins
that will be elucidated in the following section.
The result of dipolar coupling between spins is called the nuclear Overhauser effect (NOE). In conventional NMR,
also the magnetization transfer between different NMR-sensitive nuclei (hetero-nuclear NOE: 1H– 31P, 1H– 13C,
etc.) is of observed. The NOE is one of the key techniques for protein structure analysis in NMR spectroscopy.
In this work, only the homo nuclear NOE between protons is of interest. For more detailed information the reader
is referred to the works from Neuhaus and Williamson [63] and Solomon [80].
Dipolar coupled 2-pool system
Let us assume dipolar-coupled spins~Ia and~Ib from the protons pools a and b in an external magnetic field. The
pools need not represent the water pool and the solute pool but are arbitrary proton pools. Assuming a strong
coupling of the individual spins to the external magnetic field, these two spins form a spin system with four states
〈a,b〉 = 〈↑↑〉 ,〈↓↑〉 ,〈↑↓〉 ,〈↓↓〉 as illustrated in figure 3.1. The change of nomenclature from "s,w" to "a,b" is
intended to emphasize that, in contrast to CE, the NOE is not restricted to water and solute protons.
Figure 3.1: Energy levels of a dipolar coupled 2-spin system in an external magnetic field and
the transition probabilities W.
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The transition probabilities W1a and W1b transfer magnetization within the same pool and are used in the theoreti-
cal description of relaxation time T1 and T2 [80]. Only the cross-relaxation pathways with transition probabilities
W0ab and W2ab transfer magnetization between pool a and pool b. Analogous to the Bloch-McConnell Equations,
the Bloch-Solomon Equations are the equations of motion for the magnetizations of the two dipolar-coupled
protons [80]. The two equation systems are mathematically equivalent. In the Bloch-Solomon Equations a cross-
relaxation σ = W2ab−W0ab is defined that is analogous to the forward exchange rate, but with a negative sign
σ =−kab. The problem is theoretically described by the dipole-dipole-Hamiltonian:
HˆDD =
2γ h¯2
r3
[
~ˆIa ·~ˆIb−3
(
~ˆIa ·~r
)(
~ˆIb ·~r
)]
(3.4)
with the distance r between the spins and the unit vector~r parallel to the line joining the two spins. The transition
probabilities can be calculated using Fermi’s golden rule to:
W0ab =
1
10
ω2DD
τc
1+(ωa−ωa)2 τ2c
(3.5)
W2ab =
3
5
ω2DD
τc
1+(ωa+ωb)2 τ2c
(3.6)
with the correlation time τc, being the time the spin bearing particle needs to fulfill a rotation by 2pi = 360◦
around an arbitrary axis in the medium. The coupling constant ωDD of the dipolar interaction is given as:
ωDD =
µ0h¯γ2
4pir3
(3.7)
By assuming a small difference of the resonance frequencies ωa ≈ ωb ≈ ωR = γB0, the cross-relaxation is given
by:
σ =
µ20 h¯
2γ4
160pi2
τc
r6
[
6
1+4ω2Rτ2c
−1
]
(3.8)
For large macromolecules like proteins with masses of multiple kDA = 103 g/mol, the correlation time of the
whole protein is of the order of 10−100 µs [37]. When considering the dipolar coupling of two protons within a
macromolecule, σ is dominated by the energy preserving W0ab transition, reducing equation (3.8) to:
σ =−µ
2
0 h¯
2γ4
160pi2
· τc
r6
≈ −5.7 ·10−50 m
6
s
· τc
r6
(3.9)
For the intramolecular dipolar couplings in proteins this means kab =−σ is of the order of a few Hz.
In principle, intermolecular NOEs between water molecules and solutes exist, but the tumbling rate of water
molecules is so high that these processes are strongly suppressed.
3.1.4 Exchange-relayed NOE
Large molecules like proteins have a high proton density. Thus, one proton spin interacts with multiple proton
spins in a protein through intra molecular dipolar coupling allowing an equilibration of the magnetization across
the large domain of a protein. This process is called “spin-diffusion”. Of special interest regarding the origin of
the CEST signal, it allows the transfer of magnetization from non-exchanging protons inside a protein to protons
that are in chemical exchange with water protons. This indirect process, called exchange-relayed NOE (rNOE)
is more efficient than direct dipolar coupling with the water protons and is the dominant magnetization transfer
pathway [93, 103], for dipolar-based magnetization exchange with water protons (Fig. 3.2). The limiting slow
transfer rates of the dipolar coupling, given in table 3.2, in comparison to chemical exchange is assumed to be
the reason for the pH independence of this rNOE [19, 31, 34].
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Figure 3.2: Example of intra- and intermolec-
ular magnetization transfer processes of pro-
tons in a protein and water protons. Chemical
exchange(CE) is marked with red arrows, the
dipolar coupling of CE groups with bound pro-
tons is shown with dark blue arrows, and the
dipolar coupling of two bound protons with
light blue arrows. Adapted from reference
[93].
functional group molecule δs [ppm] ksw [Hz]
aliphatic1,2 proteins −5 to −1 5−30
aromatic3,4 proteins 1 to 5 2−3
Table 3.2: Overview of exchange rates of functional groups in chemical exchange with water
protons that are abundant in human tissue. Data is taken from references: 1: Xu et al. [103], 2:
Friedman et al. [18], 3: Goerke [19], 4: Jin and Kim [31].
3.1.5 Semi-solid macromolecular magnetization transfer
A special case that is relevant for in vivo applications, is the magnetization transfer between water and the
macromolecular matrix of a cell (Fig. 3.3). This matrix consists of the large, semi-solid components of a cell
such as the cell membrane including the embedded surface proteins or the cytoskelton. This magnetization
transfer effect is called semi-solid MT (ssMT). The rigid structure yields a very short T2 relaxation time of
the order of a few ms, hence the peak is very broad in the NMR spectrum. At the surface of such structures,
water molecules can be bound for short periods of time (molecular exchange). During this bound state the
water molecules are immobilized, which increases their correlation times, enabling direct intermolecular NOEs.
Subsequent unbinding and transport of water molecules via diffusion transfers the magnetization to the water
proton pool. Besides this intermolecular NOE, exchange-relayed NOEs also contribute to the ssMT. The resulting
magnetization transfer rate is ksw ≈ 40Hz [82]. The contrast based on this magnetization transfer is called MTC
[26, 101].
Figure 3.3: Scheme of the magnetization transfer
pathways of the macromolecular matrix (gray) to
water via intermolecular NOE (green arrows) or
exchange-relayed NOE (blue arrows) with spin dif-
fusion in the matrix (gray arrows). Reproduced from
[93].
15
CHAPTER 3. MAGNETIZATION TRANSFER AND CEST
3.2 Chemical exchange saturation transfer
Chemical exchange saturation transfer (CEST) is a technique that enhances the signal of proton pools that are
subject to magnetization transfer with the water proton pool. By accumulation of the saturation in the water
proton pool, MR imaging of organic compounds in the mM range by acquiring the much more abundant water
proton signal is possible. This proton transfer enhancement (PTE) is proportional to the T1 relaxation time of
water and the exchange rate ksw of the magnetization transfer pathway: PTE≈ ksw ·T 1.
3.2.1 CEST experiment and the Z-spectrum
Every CEST experiment can be divided into two parts. A saturation part with frequency selective RF irradiation
and a readout part with the acquisition of the water signal. In the context of NMR, saturation means the destruc-
tion of the polarization that is induced by the static magnetic field of a spin pool. Hence a completely saturated
spin pool has magnetization zero and perfectly equal population for all energy levels.
The saturation of a pool s is achieved by RF irradiation at the Larmor frequency of this pool ωs over a period of
time. This means at a frequency offset ∆ωs relative to the water resonance frequency. The RF-irradiation consists
of either a long, uninterrupted continuous wave (cw) pulse, usually in the order of a few hundred milliseconds to
multiple seconds (Fig. 3.4), or it consists of multiple pulses with same shape, amplitude, center frequency, and
duration ranging from 10 to 200 ms (Fig. 3.5) . The selectivity in the frequency domain, the bandwidth (BW) of
the pulse, can be approximated by the inverse of the pulse duration: BW ≈ 1tp . For both cases, the overall satura-
tion time tsat has to be longer than the inverse of the exchange rate of the pool s to achieve sufficient accumulation
of saturation in the water pool tsat  1ksw . During on-resonant RF irradiation on pool s, saturation is transfered
to the water proton pool reducing the equilibrium magnetization Mw,0 to Mzw(∆ωs). However, on-resonant RF-
irradiation on the water proton pool w saturates the water proton magnetization directly, this is called direct water
saturation or spillover.
Figure 3.4: The CEST pulse sequence consists of a saturation part (red) with saturation ampli-
tude B1 , and frequency offset ∆ω and a water signal acquisition part (blue) (a). Both parts are
repeated for a number n of saturation frequency offsets ∆ω (b).
The combination of RF saturation and water signal acquisition is repeated for multiple saturation frequency
offsets ∆ω as illustrated in figure 3.4. Plotting the normalized water magnetization after each saturation frequency
as a function of the saturation frequency offset ∆ωs yields the Z-spectrum (Fig. 3.6):
Z(∆ω) =
Mzw(∆ω)
Mw,0
(3.10)
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Figure 3.5: Pulsed CEST sequence with N Gaussian-shaped RF pulses of duration tp with an
interpulse delay td , mean saturation amplitude B1, and frequency offset ∆ω (red) and a water
signal acquisition part (blue).
Figure 3.6: Schematic Z-spectrum with a CEST effect at δωs = 3ppm. It is convention to plot
the frequency offset axis from positive to negative values.
Depending on the acquisition method of the water signal, two methods are distinguished:
CEST spectroscopy
The acquisition of the water signal is non-localized, consisting of a simple FID as described in section 2.2.3. This
method is mostly used on NMR spectrometers with small, homogeneous samples. The result of the experiment
is a single Z-spectrum (Fig. 3.6).
CEST imaging
The water signal is spatially encoded to produce an MR image after reconstruction as described in section 2.4.
The intensity of each voxel is scaled with the magnetization along the z-axis before the image readout. Thus the
intensity of each voxel plotted as a function of the saturation frequency offset ∆ωs forms a Z-spectrum. In other
words the data from CEST experiments consists of MR images with the additional dimension ∆ωs.
It is important to note that although the name CEST may suggests otherwise, not only chemical exchange pro-
cesses contribute to the described reduction of the water signal, but all magnetization transfer pathways with a
transfer rate and frequency shift.
3.2.2 Analytical solution of the Bloch-McConnell Equations
As described in section 3.1.1, magnetization transfer between pools can be described by the Bloch-McConnell
equations. An eigenspace approach provides the analytical solution:
~M(t) =
6
∑
n=1
eλn·t ~vn+ ~Mss (3.11)
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with eigenvalues λn and eigenvectors vn for the 2-pool magnetization vector:
~M(t) =

Mxw
Myw
Mzw
Mxs
Mys
Mzs
 (3.12)
and the steady-state solution ~Mss [108, 92]. For a sufficiently long saturation tsat  T 2w, all eigenvalues except
for:
λ1 =−R1ρ
can be neglected [107]. The corresponding eigenvector ~v1 is co-linear with the effective field ~Be f f =
~ωe f f
γ =
(B1,0,B0− ωRFγ ) defined in section 2.2.1 as illustrated in figure 2.1. R1ρ is the relaxation rate in the rotating-
frame (R1ρ = 1T1ρ ). For a 2-pool system of water pool w and solute pool s, R1ρ is given as:
R1ρ(∆ω) = Re f f (∆ω)+Rex(∆ω) (3.13)
with the exchange dependent relaxation rate Rex and the angle between ~Be f f and ~B0 given by θ = arctan( ω1∆ω ) (im-
plying sin2 θ = ∆ω
2
∆ω2+ω21
and cos2 θ = ω
2
1
ω21+∆ω2
). The water proton relaxation rate in the rotating frame Re f f (∆ω)
is given by:
Re f f (∆ω) = R1w cos2 θ +R2w sin2 θ = R1w+(R2w−R1w) ω
2
1
ω21 +∆ω2
(3.14)
Thus, the magnetization transfer via chemical exchange or dipolar interaction can be interpreted as an additional
spectrally selective relaxation pathway to the relaxation of the water magnetization in the rotating frame. During
the beginning of the saturation, the magnetization precesses around ~ωe f f but aligns with ~ωe f f after a time of the
order of T 2w and relaxes along this direction.
The Z-spectrum after cw saturation with saturation duration tsat is given by:
Z(∆ω, tsat) =
(
cos2 θ −Zss) · e−R1ρ tsat +Zss (3.15)
with the steady state:
Zss(∆ω) =
cos2 θR1w
R1ρ(∆ω)
(3.16)
By choosing Rex = 0, the direct water saturation in the steady-state Z-spectrum is given as:
ZssDS,LS(∆ω) =
cos2 θ R1w
Re f f (∆ω)
= 1−
Γ2w
4
Γ2w
4 +∆ω2
(3.17)
with the full width at half maximum (FWHM):
Γw = 2ω1
√
R2w
R1w
(3.18)
By neglecting the back exchange rate kws, which is justifiable for M0,w  M0,s and assuming R1s  R2s and
R1s ksw, Rex is given by a Lorentzian-shaped function [108]:
Rex(∆ω) = Rmaxex
Γ2
4
Γ2
4 +(∆ω−δωs)2
(3.19)
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with FWHM:
Γ= 2
√
ksw+R2s
ksw
ω21 +(ksw+R2s)
2 (3.20)
and maximum value at ∆ω = δωs:
Rmaxex = fsksw sin
2 θ
δω2s + kswR2s+
R2s
ksw+R2s
ω21
ω21 + ksw (ksw+R2s)
(3.21)
in the large shift limit (LS) that assumes |δωs|  ω1, this maximum can be approximated by:
Rmaxex ≈ fsksw ·α(ω1) (3.22)
with labeling efficiency:
α(ω1) =
ω21
ω21 + ksw (ksw+R2s)
(3.23)
α has values between 0 and 1 and is a measure for the efficiency of the saturation. In the experiment for saturation
with B1 ≤ 1µT at B0 = 7T, the large shift limit breaks down for frequency offsets ∆ω ≤ 1ppm.
Multi pool system
The system can be expanded by additional pools that all exhibit magnetization transfer with the water pool. By
assuming solute pools i with exchange-dependent relaxation rates Rex,i to have small pool sizes fi (of the order
of a few ‰) and that the magnetization exchange between the solute pools can be neglected, the Rex,i simply add
up:
R1ρ = Re f f +∑
i
Rex,i (3.24)
Since R1ρ appears only in the denominator of the steady state solution ZssLS (eq.3.17), the effects in the Z-spectrum
add reciprocally [109, 107]:
1
Zss
=
1
Zsswater
+∑
i
1
Zssi
(3.25)
This reciprocal sum is common for relaxation times consisting of multiple contributions. The contributions add
up linearly for the relaxation rate and inversely for the relaxation time [22, p. 57]. This is essential for the
determination of quantitative and unbiased CEST effects that will be discussed in section 3.2.3.
Pulsed saturation
For pulsed saturation with shaped pulses of duration tp and inter-pulse delay td , the duty cycle (DC) is defined as:
DC =
tp
tp+ td
(3.26)
The steady state with cw saturation Zss(eq.3.16) has to be modified since R1ρ varies during the pulse. With the
assumption of that R1ρ tp 1 and R1wtd  1, the steady-state solution of the pulsed case in the large shift limit
is given by:
Zsspulsed,LS(∆ω) =
R1w
DC ·R1ρ(∆ω)+(1−DC) R1w
(3.27)
Assuming a Gaussian shape for the pulses, the time dependent R1ρ(∆ω,ω1(t)) is averaged to R1ρ(∆ω) [58],
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which can be approximated by:
R1ρ =
∫ tp
0
R1ρ(t)dt ≈ R1w+(R2w−R1w)c1 ω
2
1
ω21 +∆ω2 · c2 2︸ ︷︷ ︸
Re f f
+ fsksw c1
ω21
ω21 + ksw(ksw+R2s) · c2 2︸ ︷︷ ︸
Rex
(3.28)
with the “form factors”;
c1 =
σ
√
2pi
tp
(3.29)
c2 =
4√2 · c1 (3.30)
where σ is the width of the Gaussian-shaped pulse.
3.2.3 Z-spectrum analysis
For a valid interpretation of CEST data, an isolation of the effects of each pool is essential. This means a
separation of the exchange from the pool of interest (pool s) Rex,s from the direct water saturation Re f f and from
the exchange of other pools (pools i, i 6= s) Rex,i. The Z value on-resonant on pool s is defined as label scan
Zlab = Z(∆ω = δωs) = Z(δωs)1. First the case of cw saturation is analyzed, with the steady-state solution of the
Z-spectrum in the large-shift limit as defined in (eq. 3.16):
Zlab =
R1w
Re f f (δωs)+∑i Rex(δωs)
(3.31)
The simplest approach to gain access to Rex,s is the magnetization transfer rate MTR:
MT R(δωs) = 1−Zlab = Re f f (δωs)+∑i Rex(δωs)−R1wRe f f (δωs)+∑i Rex(δωs)
(3.32)
This clearly does not isolate Rex,s. Another approach is the asymmetry analysis MT Rasym [122]. For this method
a reference scan on the opposite side of the Z-spectrum Zre f (−δωs) = Zss(∆ω =−δωs) is needed:
Zre f (−δωs) = R1wRe f f (−δωs)+∑i,i 6=s Rex(−δωs)
(3.33)
Assuming that:
• Re f f is symmetric: Re f f (δωs) = Re f f (−δωs)
• all other effects are either symmetric relative to the water resonance frequency:
Rex,i(δωs) = Rex,i(−δωs) ∀i 6= s
• or vanish at ∆ω = δωs and −δωs: Rex,i(δωs) = Rex,i(−δωs) = 0 ∀i 6= s
the following expression for MT Rasym is obtained:
MT Rasym(δωs) = Zre f (−δωs)−Zlab =
R1wRmaxex,s
Re f f
(
Re f f +Rmaxex,s
) (3.34)
Since the direct water saturation does not appear in the numerator, this is called spillover correction of zeroth
order. It is important to note that the assumptions listed above are very restricted and do not hold for most in vivo
applications. A more robust approach is to find a reference at the frequency offset of pool s Zre f (δωs) with:
Zre f (δωs) =
R1w
Re f f (δωs)+∑i,i6=s Rex(δωs)
(3.35)
1All definitions Rex(δωs), Re f f (δωs), MT Rasym(δωs), etc. represent an evaluation of the function at ∆ω = δωs, so Rex(∆ω = δωs),
Re f f (∆ω = δωs), etc. and not a variation of δωs.
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this can be achieved, for example, by fitting a densely sampled Z-spectrum. In this case Zre f (δωs)− Zlab is
defined as the linear difference MT RLD, with the same result as MT Rasym but with the no assumptions about the
shapes of other pools.
Without loss of generality, the reference is defined as Zre f := Zre f (δωs) in the following. Another normalization
with Zre f as suggested by [52] leads to a first order spillover correction:
nMT Rasym(δωs) =
Zre f −Zlab
Zre f
=
Rmaxex,s
Re f f +Rmaxex,s
(3.36)
It was shown by Zaiss et al. [109] that an inverse metric leads to a term, which is completely isolated from
influences of R2w and with direct proportionality to Rmaxex,s :
MT RRex(δωs) =
1
Zlab
− 1
Zre f
=
Rex,s
R1w cos2 θ
(3.37)
The remaining weighting with R1w can be eliminated by simply dividing MT RRex by T 1w, which of course has
to be measured separately, giving the apparent exchange-dependent relaxation (AREX):
AREX(δωs) =
1
T 1w
·
(
1
Zlab
− 1
Zre f
)
=
Rmaxex,s
cos2 θ
(3.38)
Aside from the direct proportionality, the factor cos2 θ = ω
2
1
ω21+δω2s
is also experimentally much more accessible
than R2w.
As AREX is completely isolated from relaxation effects it is indeed a quantitative parameter, directly representing
the relaxation rate of the chemical exchange Rex. The name AREX was chosen with reference to the apparent
diffusion coefficient (ADC) in diffusion-weighted imaging, as Rex, like the diffusion, has many contributors but
“represents the evaluation depth which is practical for in vivo CEST-MRI” [107].
Using equation 3.22 in the large shift limit (δω  ω1⇒ cos2 θ ≈ 1) leads to the following expression:
AREX(δωs) = fsksw
ω21
ω21 + ksw (ksw+R2s)
(3.39)
Pulsed saturation
The Z-spectrum evaluation methods defined above can also be applied to the pulsed saturation case [58]. For
simplification, all terms will be given in the large shift limit.
MT Rpulsedasym (δωs) = MT R
pulsed
LD (δωs) =
DC ·R1w ·Rmaxex,s
(DC)2 Re f f
(
Re f f +Rmaxex,s
)
+(1−DC)2 R21w
(3.40)
MT RpulsedRex (δωs) =
DC ·Rmaxex,s
R1w
(3.41)
AREX pulsed(δωs) = DC ·Rmaxex,s (3.42)
Hence AREX pulsed is simply scaled with the duty cycle compared to the cw saturation case, though MT Rasym
becomes even more complicated.
3.3 Factors affecting the CEST signal
Although a higher saturation amplitude ω1 = γB1 leads to an increase in Rex, this does not necessarily mean that
the maximum ω1 creates the best CEST contrast since Re f f also depends on ω1 leading to competition between
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the two effects. The labeling efficiency allows the determination of the B1,opt for optimal labeling by calculating
the extreme value of equation (3.23) to:
ω1,opt =
√
δωs · ksw (3.43)
B1,opt =
√
δωs · ksw
γ
(3.44)
but this includes no information about spillover or peak-width. Since the width of the direct water saturation lin-
early depends on ω1 (eq. 3.18) an increase in B1 yields also a broadening of the water peak in the Z-spectrum and
consequently a decrease in signal at the CEST effect resonance. The B1 for maximum effect in the Z-spectrum
or in MTRasym is usually a lot lower than the B1,opt for optimal labeling. In addition, the CEST effect is also
broadened since the width of Rex also depends on ω1 (eq. 3.20):
Γ= 2
√
ksw+R2s
ksw
ω21 +(ksw+R2s)
2 (3.45)
This is illustrated in figure 3.7 for a two pool system. The Z-spectra are calculated using the analytical solution
described in [115] based on the eigenspace solution of the Bloch-McConnell Equations. It was shown that this
solution corresponds very well to the numerical solution of the Bloch-McConnell Equations. The dilution of the
CEST effect for high B1 is even more pronounced in the presence of a ssMT. The spillover correction due to the
inverse metric eliminates this signal drop for the AREX evaluation and shows the signal that corresponds to Rex.
However, the broadening of the peak, and hence a reduced selectivity, remains. Furthermore, the determination
of an appropriate Zre f becomes much more complicated for broad effects. Hence, to optimize a CEST sequence,
a compromise between selectivity and effect size has to be found.
Figure 3.7: Simulated Z-spectra using cw saturation with different saturation amplitudes B1 (a)
with one CEST effect at 3.0 ppm. MTRasym increases up to a certain B1 but decreases for higher
B1 due to spillover (b). The labeling efficiency α is maximum for B1,opt = 3.04µT (c). Due
to spillover correction, AREX shows a steady increase of the CEST effect over B1. Simulation
parameters were: B0 = 7T, tsat = 6s, trec = 15s, T 2w = 80ms, T 1w = 1220ms, δs = 3.0ppm,
ksw = 50Hz, fs = 5‰, T 2s = 15ms, T 1s = T 1w.
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Pulsed saturation of slow exchanging proton pools exhibits an additional saturation effect (Fig. 3.8) induced by a
magnetization transfer during the pulse delay td . The SAR remains the same under variation of tp if the duty cycle,
the total saturation time, and the saturation amplitude are kept constant. For short pulses (tp < 100ms) the most
efficient saturation is achieved if B1 fulfills α = γ ·B1 ·tp≈ 180◦ which results in an inversion of the magnetization
of the solute pool for on-resonant irradiation at ∆ω = δωs [127]. The maximum appears however slightly shifted
towards higher B1. As the magnetization transfer is most efficient at the beginning of the delay [70], the saturation
is more efficient for shorter pulses as td and tp are proportional for a constant DC. By contrast, longer pulses are
more efficient for faster exchange rates (ksw > 200Hz). This dependency of the saturation efficiency on the
pulse length tp can be used to generate a contrast by defining, for example, Zlab = Z(∆ω = δωs,α = 180◦) and
the reference Zre f = Z(∆ω = δωs,α = 360◦), keeping all other parameters unchanged. This method is named
chemical exchange rotation transfer (CERT) [126]. However, in the present work this effect is purely used to
optimize the saturation efficiency.
Figure 3.8: Simulated AREX signals with pulsed saturation on-resonant on the exchange pool
using Gaussian-shaped pulses of different pulse duration tp as a function of B1 for four exchange
rates ksw = 5Hz (a), ksw = 50Hz (b), and ksw = 500Hz (c). Simulation parameters were: B0 =
7T, tsat = 7s, trec = 15s, T 2w = 120ms, T 1w = 1300ms, δs = 1.9ppm, fs = 3‰, T 2s = 19ms,
T 1s = T 1w.
As expected from equation (3.18) a decrease of the transverse relaxation time of water T 2w also increases the
spillover, which is illustrated in figure 3.9. An increase of the longitudinal relaxation rate T 1w, however, broadens
the water signal, hence diluting the CEST signal, but at the same time increases the CEST effect itself. It is
important to bear in mind that the equivalence of AREX and Rex, and hence the independence of T 2w and T 1w
is only valid in the steady-state. Figure 3.9c shows how the Z-spectrum approaches the steady state when the
saturation time tsat is increased and that the steady state is reached for tsat ≈ 3s≈ 3 ·T 1w.
For a given saturation amplitude ω1, there exists also an optimal exchange rate ksw,opt to maximize Rmaxex as
given in equation (3.22). Hence for a given variation of exchange rates, the optimal exchange rate ksw,opt can be
approximated by the extreme of Rmaxex with respect to ksw:
∂
∂ksw
Rmaxex =
! 0 (3.46)
∂
∂ksw
(
fskswω21
ω21 + ksw(ksw+R2s)
)
= 0 (3.47)
⇒ ksw,opt = ω1 (3.48)
in the last step it was assumed that R2s is negligible against ksw.
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The simulation illustrated in figure 3.9d yields maximum effect at ksw = 250Hz. In the case of cw saturation
with B1 = 1µT, ksw,opt ≈ 263Hz and hence a very good approximation. Obviously to yield valid results with this
approximation the exchange rates have to be sampled judiciously. For pulsed saturation, equation (3.48) changes
to:
ksw,opt =
ω1
c2
(3.49)
with the restrictions given in [58].
Figure 3.9: Simulated Z-spectra using cw saturation with different T 2w (a) and T 1w (b) re-
laxation times of water; different saturation times tsat (c), exchange rates ksw (d). Simulation
parameters were: B0 = 7T, B1 = 1.0µT, tsat = 6s, trec = 15s, T 2w = 80ms, T 1w = 1220ms,
δs = 3.0ppm, ksw = 50Hz, fs = 5‰, T 2s = 15ms, T 1s = T 1w.
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Chapter 4
Material and Methods
4.1 NMR measurement systems
Most CEST measurements were performed on a 7 T whole body MRI tomograph. To benefit from enhanced SNR
and spectral resolution, some experiments were performed on a 14.1 T NMR spectrometer. For one experiment,
to examine the influence of the static magnetic field strength, a 9.4 T NMR spectrometer was used.
4.1.1 7 T whole body MRI tomograph
The whole body MR tomograph Siemens MAGNETOM 7T (Siemens Healthcare, Erlangen, Germany) of the
German Cancer Research Center (DKFZ, German: Deutsches Krebsforschungszentrum) (Fig. 4.1) was used for
all experiments on humans. The static magnetic field strength of B0 = 6.98T results in a 1H resonance frequency
of ν0 = 297.155MHz. The gradient system of three orthogonal gradient coils used for spatial encoding has a
maximum strength of 28 mT/m. All measurements were performed using a Nova Medical (Nova Medical Inc.,
Wilmington, USA) head coil with a 24-channel receive array and one transmit coil. To stabilize the temperature
during the measurement of model solutions, a MR compatible thermo flask (Coleman Jug 1.8 L), completely
filled with 1.8 L saline solution (1 g/l) was used. To improve the B0 homogeneity in the volume of interest, at
least one automatic 3D shim was performed before every CEST-experiment.
Figure 4.1: MAGNETOM 7 T whole body MR tomograph of the German Cancer Research
Center (DKFZ) in Heidelberg (the image was taken from www.dkfz.de).
4.1.2 NMR spectrometers
For some experiments, the Bruker AVANCE II (Bruker, Karlsruhe-Rheinstetten, Germany) NMR spectrometer
from the DKFZ (Fig. 4.2) was used. The static magnetic field strength of B0 = 14.09T results in a 1H resonance
frequency of ν0 = 600.13MHz. Depending on the viscosity of the sample, the experiments were either performed
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with a 8-mm probe (Bruker, normal configuration TXO 13C,31P/1H probe) or with a 5-mm probe (Bruker, normal
configuration QNP 13C,31P,19F/1H probe), both equipped with a z-axis gradient coil.
Figure 4.2: Bruker AVANCE II NMR spectrometer of the German Cancer Research Center
(DKFZ) in Heidelberg.
To investigate the influence of the static magnetic field on the CEST effect, one experiment was performed on a
9.4 T Bruker AVANCE III (Bruker, Karlsruhe-Rheinstetten, Germany) NMR spectrometer from the DKFZ. The
exact static magnetic field strength of B0 = 9.40T results in a 1H resonance frequency of ν0 = 400.03MHz. A
5-mm probe (Bruker, normal configuration BBOF 19F, X/1H field probe), equipped with a z-axis gradient coil
was used.
The power level determining the B1 for the CEST irradiation had to be calibrated for each experiment manually.
By measuring the duration tp,360◦ of a 360◦ pulse at a given power level PL360◦ , the following calculation provided
B1 at the required power level [19]:
PL(B1) = 20 · log
(
1
γ
2pi · tp,360◦ ·B1
)
+PL360◦
4.2 Acquisition of MR data
4.2.1 The CEST sequence
Frequency selective saturation
On an NMR spectrometer it is possible to use a continuous wave (cw) saturation with a rectangular pulse irra-
diating constantly over multiple seconds, as illustrated in figure 4.3. This saturation scheme exhibits superior
properties for CEST: well defined B1, very small bandwidth and very efficient saturation. Due to hardware lim-
itations for the maximum pulse duration, it is not possible to use such a cw saturation on the MR tomograph.
Hence, a pulsed saturation approach was pursued as illustrated in figure 4.4. If not stated otherwise, a pulse train
consisting of N Gaussian-shaped RF pulses was used. Each RF pulse has duration tp in the millisecond range
and a center frequency that was shifted by ∆ω =−300ppm−300ppm from the 1H resonance frequency, corre-
sponding to a shift of ∆ω =−90kHz−90kHz at 7 T. For CEST, the mean RF amplitude B1,mean of the pulse is
considered, given as the B1 of a rectangular pulse with same tp and same flip angle as the Gaussian-shaped pulse.
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For the Gaussian-shape used here (Siemens Gauss pulse), the following relations of maximum pulse amplitude
B1,max, mean pulse amplitude B1,mean, and root-mean-squared pulse amplitude B1,rms hold:
B1 ≡ B1,mean = 0.488 ·B1,max = 0.81 ·B1,rms (4.1)
In the following sections, the mean RF amplitude of any shaped pulse is denoted as B1. As depicted in figure 4.4
the pulses are separated by a delay of duration td . Spoiler gradients in various directions are active in the delays
and right before the image readout to dephase residual magnetization in the xy-plane. The spoiler gradients
in between the pulses are adapted to the duration of the delay whereas the final spoiling gradient before the
readout has a fixed duration of 3 ms. The total saturation time tsat (highlighted in red in figure 4.4) is given by
tsat = Npulse · tp +(Npulse− 1) · td . To sample the Z-spectra with arbitrarily distributed saturation offsets ∆ω on
the MRI tomograph, a command to read a “.txt” file containing the desired offsets was implemented in the CEST
MRI sequence. For the NMR spectrometers this was already implemented by the manufacturer.
Figure 4.3: Schematic illustration of a CEST MR acquistion block: cw saturation with one
long, rectangular pulse of duration tp = tsat and with a specific RF amplitude B1 and frequency
offset ∆ω , subsequent spoiling to dephase residual magnetization in the xy-plane, and signal
acquisition. An optional recovery time trec can be added before the saturation block. To acquire
a complete Z-spectrum, the entire block has to be repeated multiple times while varying ∆ω for
each repetition.
Figure 4.4: Schematic illustration of a CEST MR acquistion block with pulsed saturation: pulsed
saturation with Gaussian-shaped RF-pulses of duration tp, mean RF amplitude B1,mean, and fre-
quency offset ∆ω . After each pulse there is a delay td during which a spoiling gradient is active.
Subsequently the water signal is acquired. An optional recovery time trec can be added before the
saturation block. To acquire a complete Z-spectrum, the entire block has to be repeated multiple
times while varying ∆ω for each repetition.
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Transfer rate edited pulse scheme
Figure 4.5: Transfer rate edited (TRE) pulse scheme with pulsed saturation using Gaussian-
shaped RF pulses and [1 −2 1]-binomial pulse blocks. It is possible to reduce the number of
binomial pulse blocks to be played out after every second, third, etc. Gaussian-shaped RF pulse.
The addition of binomial pulse blocks into the saturation block has the potential to filter low exchange rates from
the Z-spectrum [93, 18]. A pulse train of both saturation pulses and binomial pulses is named transfer rate edited
(TRE) pulse scheme (Fig. 4.5). In the literature, these are also referred to as label transfer modules (LTM) or
tunable transfer modules (TTM).
In this work a binomial pulse block consists of multiple pulses with constant B1 but with different pulse durations,
on-resonant on the 1H resonance frequency. An implementation with constant pulse duration and different B1
is also possible, but would cause a higher SAR. Subsequent pulses have alternating phases (90◦,−90◦) flipping
the magnetization either in +x or -x direction. The overall flip angle of 90◦ is distributed over all pulses in one
pulse block. The duration of each pulse of a pulse block varies according to the binomial coefficients, hence the
name binomial pulse block. In this work, the following binomial pulse blocks were used, with the sign indicating
the phase: [1 −2 1], [1 −3 3 −1], [1 −4 6 −4 1], [1 −5 10 −10 5 −1]. The pulse duration tp,binom is defined
as the duration of the first pulse of a pulse block. The pulse delay τbinom is defined as the duration between the
center of pulses of a binomial pulse block and is constant for all pulses within a pulse block. Figure 4.6 shows
the influence of tp,binom and τbinom on the Z-spectrum after irradiation with a binomial pulse block. The special
shape of the pulse block allows a saturation of frequencies right and left of the water signal at 0 ppm but without
saturation of the water signal itself. The bandwidth BWbinom of the binomial pulse block, meaning the frequency
shift of the maximum saturation from the water signal, is defined as:
BWbinom [ppm] =
pi
ω0 τbinom
·106 (4.2)
The more pulses a binomial pulse block consists of, the broader is the plateau around the water signal, meaning
less direct water saturation. The side maxima of the saturation also move further away from the water resonance
frequency, but increase in amplitude.
Simulations show that high exchange rates are only affected marginally by the binomial pulse blocks whereas
the signal of effects with slow exchange rates can be filtered out almost completely. This is illustrated in figure
4.7, showing the influence of the number of binomial pulse blocks on the AREX signal with simultaneous pulsed
saturation on-resonant on the CE effect. For the simulation, SL pulses were used instead of Gaussian-shaped
pulses because of a strong reduction in computational time. The simulation was performed using a numerical
Bloch-McConnell simulation in MATLAB (MATLAB, The MathWorks Inc., Natick, Massachusetts, USA) im-
plemented by M. Zaiss [107]. By choosing the number of binomial pulse blocks accordingly, slow exchange
processes can be filtered out of the Z-spectrum.
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Figure 4.6: Bloch simulation of wa-
ter magnetization after a binomial pulse
block. [1−2 1] binomial pulse block with
constant pulse duration tp,binom = 50µs
and different pulse delays τbinom (a). [1
−2 1] binomial pulse block with constant
pulse delay τbinom = 500µs and differ-
ent pulse durations tp,binom (b). Different
types of binomial pulse blocks (c). Sim-
ulation parameters were: M0 = (0,0,1),
T 1w = 2s, T 2w = 100ms.
Figure 4.7: Bloch-McConnell simulation of the TRE CEST with pulsed saturation with 120
Spinlock pulses (SL) and Nbinom [1 -2 1]-binomial pulse blocks. Simulation parameters: B1 =
0.8µT, tp = 15ms, N = 120, DC = 60%, T 1w = 1s, T 2w = 70ms, δωs = 3.5ppm, T 1s = T 1w,
T 2s = 15ms, fb = 3%, tp,binom = 200µs, BWbinom = 3.5ppm.
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Unsaturated image
To normalize the Z-spectrum according to Z(∆ω) = Msat(∆ω)/M0 (see eq.3.10), usually an unsaturated image
(M0) is used. However, this normalization resulted in Z-values above 1 in the Z-spectrum after normalization.
Instead, a far off-resonant irradiation (∆ω = −300ppm) was chosen for normalization, therefore solving this
problem. A slight difference in the preheating of amplifiers or preamplifiers might have been the reason for these
fluctuations. Throughout this work, M0 denotes an image acquired after a long recovery time (usually trec,M0 =
12s≈ 5 ·T 1) and a far off-resonant saturation. To correct for any remaining fluctuations, further M0 images were
acquired in between the acquisition of the M(∆ω) images, as has been suggested by [34]. A subsequent linear
interpolation provides each M(∆ω) with a corresponding M0(∆ω). An accurate determination of the unsaturated
magnetization is essential for quantitative CEST as the absolute values of Zre f and Zlab influence the result
obtained by the inverse metric.
Readout of the water signal
On the whole body MR tomograph, a one-shot 2D gradient-echo (GRE) sequence was used for image acquisition.
If not stated otherwise, the acquisition parameters are set as described in table 4.1. It is important to note that
k-space was acquired with centric re-ordering leading to a more efficient acquisition of the contrast created by the
pre-saturation. The large slice thickness of 5 mm was chosen to increase the SNR. The interleaved acquisition of
k-space lines of multiple slices allowed the simultaneous acquisition of three slices with negligible effects on the
Z-spectra compared to the acquisition of just one single slice.
echo time (TE) 3.76 ms
repetition time (TR) 7.6 ms
matrix size 128 × 112 pixel
field of view 200 × 175 mm2
slice thickness 5 mm
flip angle (FA) 10◦
slice orientation transversal
phase encoding direction right - left
acquisition bandwidth 260 Hz/pix
number of segments 1
k-space ordering centric
multi-slice mode interleaved
GRAPPA 2D, factor 2
RF pulse type normal
gradient mode fast
Table 4.1: Acquisition parameters of the 2D GRE sequence used on the 7 T whole body MR
tomograph.
On the NMR spectrometer only the FID of the water signal was acquired after saturation. This increased the SNR
and was possible because only homogeneous samples were used. Since the probes of the NMR spectrometer
are optimized to detect very low abundant solutes, the coils of the probe had to be detuned to decrease radiation
damping effects [42].
4.2.2 T1 mapping
For relaxation-compensation of CEST data the determination of the T1 relaxation time of water is necessary.
T1 mapping on the whole body tomograph
An inversion recovery sequence based on the CEST sequence but with a different preparation was implemented
on the tomograph. One adiabatic inversion pulse with µ = 6, bandwith = 1200Hz and tp = 8ms was used on-
resonant on the water frequency. The delay between the inversion pulse and the image acquisition is termed the
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inversion time TI. The exponential recovery of the water signal after the inversion was sampled by 17 TI: 100,
200, 400, 600, 800, 1000, 1300, 1600, 2000, 2500, 3000, 3500, 4000, 4500, 5000, 10000, and 15000 ms for in
vivo measurements of the human head. The adiabatic pulse ensures an optimal inversion independent of local B1
inhomogeneities. Since only the magnitude of the MR signal is reconstructed it is not possible to have negative
values in the images. Hence the exponential function used for pixel-by-pixel fitting of T1 is given by:
M(t) =
∣∣∣(M(t = 0)−M0) · exp(− tT 1)+M0∣∣∣ (4.3)
In the case of perfect inversion M(t = 0) =−M0 holds. However, M(t = 0) was set as free fit parameter to adapt
the model for imperfect inversion.
T1 mapping on the NMR spectrometer
On the NMR spectrometer the saturation-recovery sequence was used for T1 determination. A simple cw-rect-
pulse, on-resonant on the water frequency with tsat = 15s saturated the water signal completely. The exponential
recovery from this saturated state was sampled with 22 TI = 10ms−10s. The T1 was determined by fitting the
following function to the acquired data:
M(t) = M0
(
1− exp
(
− t
T 1
))
(4.4)
4.2.3 B0 and B1 field mapping
Field mapping was only necessary on the whole body MR tomograph.
For B0 field mapping three different methods were used on a pixel-by-pixel basis:
1. intrinsic minimum of Z-spectra
2. minimum of Z-spectrum of adjusted version of WASSR method [41] (1 Gaussian-shaped pulse, tp = 25ms,
B1= 0.2µT, sampling ∆ω = [−1.5 : 0.1 : 1.5] ppm)
3. fit of Z-spectrum of WASABI method [77], enabling both B0 and B1 field mapping (one rectangular pulse,
tp = 5ms, B1= 3.7µT, sampling ∆ω = [−1.5 : 0.1 : 1.5] ppm)
In the first two methods, the minimum of the Z-spectrum is determined by using a spline interpolation algorithm
providing the shift of the 1H resonance frequency from the nominal value. In the third method, the following
model [22] is fitted to the Z-spectrum:
Z(∆ω) =
∣∣∣∣c−d · sin2(tan−1( γ ·B1∆ω−δωa
))
· sin2
(√
(γ ·B1)2+(∆ω−δωa)2 · tp2
)∣∣∣∣ (4.5)
The constants c and d are free to model signal magnitude and compensate relaxation influences. The symmetry
axis of this sinc-like function determines the shift of the 1H resonance frequency δω0 which gives the B0 shift
using δB0 = γ ·δω0 and γ = 2pi ·42.578MHz T−1. As B1 can also be determined when fitting this model to the
Z-spectrum, WASABI allows simultaneous mapping of B0 and B1. Mapping of the 1H resonance frequency and
B0 are used equivalently in this work.
Before the WASABI method was established, the WASSR method was the method of choice since it has a higher
resolution of the B0 shift than the intrinsic correction. However, in some cases the B0 shift varied between the
CEST data and the WASSR or WASABI method, most probably due to motion. In those cases the intrinsic
correction was used. B0 shifts were commonly less than 1 ppm.
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To adjust the correct B1 in a region of interest before a CEST experiment, a magnetization prepared gradient-echo
(GRE) sequence included in the WIP-package (work in progress) supplied by Siemens was used. This sequence
allowed for an immediate evaluation of the B1 on the user interface of the tomograph. By changing the reference
voltage of the transmit coil accordingly, the desired B1 could be adjusted in this volume. As this method lacks
stability in regions with very low B1 or strong shifts of the water frequency, it was replaced by the WASABI
method as soon as consistent evaluation of WASABI data was possible.
4.3 Evaluation of CEST data
This section covers the evaluation of CEST data acquired either with the 7 T whole body MR tomograph or with
an NMR spectrometer.
4.3.1 Quantification of the water signal
For measurements on the whole body MR tomograph, the water signal Msat(∆ω) is simply given as the intensity
of each reconstructed image.
For measurements on the NMR spectrometer, Fourier transformation was performed on the acquired FIDs fol-
lowed by zero-order phase correction. Afterwards, an integration in the frequency domain between ±0.5 ppm
was performed.
4.3.2 B0 correction algorithm
B0 correction is essential for the evaluation of CEST data. B0 shifts of CEST data from the tomograph are com-
pensated by pixel-by-pixel linear interpolation of each Z-spectrum onto a grid that is displaced by the according
frequency shift δωa. This method contains an extrapolation of values at the edges of the Z-spectrum. However
this is not critical since our sampling scheme has at least two points on the baseline of the Z-spectrum with
|∆ω| ≥ 50ppm that are not affected by any B0 shift of the order of what occurred during our measurements. B0
shifts on the NMR spectrometers was negligible but could have been compensated by the same algorithm.
4.3.3 Determination of Zlab and Zre f
In order to isolate CEST effects, the labeled Z value Zlab and the reference Z value Zre f were introduced (see
section 3.2.3). Zlab refers to the Z-value on-resonant on the CEST effect of interest, whereas the Zre f refers to a Z-
value with the same contributions from direct water saturation and ssMT and all other effects, but no contribution
of the CEST effect of interest. Thus, the access to Zre f is more critical and complicated than the access to Zlab.
Asymmetry
The asymmetry approach uses the Z-value of the opposite side of the Z-spectrum as a reference [122].
Zre f (∆ω) = Z(−∆ω) (4.6)
Zlab(∆ω) = Z(∆ω) (4.7)
Three point method (TPM)
:
A linear interpolation between two reference points Zre f ,1 and Zre f ,2 at the edges of a CEST effect provides the
reference at the frequency offset of interest Zre f (∆ω) [33].
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Zre f ,1 = Z(∆ωre f ,1)
Zre f ,2 = Z(∆ωre f ,2)
}
with ∆ωre f ,1 < ∆ω < ∆ωre f ,2 (4.8)
Zre f (∆ω) = Zre f ,1+
Zre f ,2−Zre f ,1
∆ωre f ,2−∆ωre f ,1 ·
(
∆ωre f ,2−∆ω
)
(4.9)
Zlab(∆ω) = Z(∆ω) (4.10)
2-pool Lorentzian model
The 2-pool Lorentzian model was used for data with high SNR and high spectral sampling either acquired on the
NMR spectrometer, from a model solution, or from data that consisted of ROI-averaged Z-spectra. The two pools
represent the direct water saturation and the broad ssMT contribution. To guarantee that no other effects influence
the fit only points of the Z-spectrum with contribution from these two pools are selected for the fit. Hence only
frequency offsets with |∆ω| ≥ 10ppm or 0.5ppm ≤ |∆ω| ≤ 1ppm were selected [21]. Frequency offsets with
|∆ω| ≤ 0.5ppm were excluded since for long T2 the bandwidth of the saturation pulse broadens the width of the
direct water saturation. To account for imperfect recovery of the signal, an additional parameter c is added to the
fit:
Zre f (∆ω) = c− (Lwater(∆ω)+LssMT (∆ω)) (4.11)
Zlab(∆ω) = Z(∆ω) (4.12)
with each Lorentzian functionL described by:
Li(∆ω) = Ai
Γ2i
4
Γ2i
4 +(∆ω−δi)
(4.13)
with the FWHM of the Lorentzian function Γi and the displacement from the frequency of free water protons δi
of pool i. The start parameters are listed in table 4.2.
c
1.0
Awater Γwater δwater
1.0 0.8 ppm 0.0 ppm
AssMT ΓssMT δssMT
0.1 30 ppm −2.0 ppm
Table 4.2: Start parameters of 2-pool Lorentzian fit model.
5-pool Lorentzian fit model
Individual Z-spectra of in vivo CEST datasets suffered from noise and also from outliers. For compensation of
these effects, a 5-pool Lorentzian fit model [59, 10] was fitted to the each Z-spectrum. The 5 pools represent the
direct water saturation, broad ssMT, amide CE effect, aliphatic rNOE effect, and amine CE effect. To account for
imperfect recovery of the signal, an additional parameter c is added to the fit:
Zlab(∆ω) = c−
(
Lwater(∆ω)+LssMT (∆ω)+Lamide(∆ω)+Laliphatic(∆ω)+Lamine(∆ω)
)
(4.14)
Zre f ,i(∆ω) = Zlab(∆ω)+Li(∆ω) (4.15)
The start parameters are listed below in table 4.3.
Figure 4.8 shows the 5-pool Lorentzian fit in one exemplary voxel of gray matter of a healthy volunteer acquired
at 7 T.
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c
1.0
Awater Γwater δwater
1.0 1.4 ppm 0.0 ppm
AssMT ΓssMT δssMT
0.1 25 ppm −2.0 ppm
Aamide Γamide δamide
0.025 0.5 ppm 3.5 ppm
Aaliphatic Γaliphatic δaliphatic
0.02 3 ppm −3.5 ppm
Aamine Γamine δamine
0.01 1.5 ppm 2.2 ppm
Table 4.3: Start parameters of 5-pool Lorentzian fit model.
Figure 4.8: 5-pool Lorentzian fit of the Z-spectrum in a pixel of GM of a healthy volunteer at
7 T acquired with B1 = 0.5µT, tsat = 3.75s, tp = 15ms, DC= 60%, trec = 0s, trec,M0 = 12s. For
clarity the center of the Z-spectrum plotted in (a) is enlarged in (b). For this Z-spectrum, only
one M0 point was acquired.
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Fitting routine
All post-processing was performed with Matlab. For all fitting routines, the "levmar" function, a C/C++ im-
plementation of the Levenberg-Marquardt nonlinear least squares minimization algorithm with constrains was
used. Although computation was performed in parallel on multiple cores to minimize computational time, the
computational time to evaluate one slice was 20-25 min for 500 iterations.
4.3.4 CEST metrics
With Zlab and Zre f , different metrics can be used to achieve different orders of spillover and ssMT correction.
According to section 3.2.3 the following metrics are of interest:
MT Rasym(∆ω) = Zre f (−∆ω)−Zlab(∆ω) (4.16)
MT RLD(∆ω) = Zre f (∆ω)−Zlab(∆ω) (4.17)
MT RRex(∆ω) =
1
Zlab(∆ω)
− 1
Zre f (∆ω)
(4.18)
AREX(∆ω) = MT RRex(∆ω) · 1T 1 (4.19)
MTRasym could have been calculated without using the Lorentzian fitting. However, to preserve the smoothing
that was accomplished by the fitting, the calculation of MTRasym was also performed on the fitted values of Zre f
and Zlab for highly resolved Z-spectra. AREX was calculated by using the additionally acquired T1 map.
4.3.5 B1 correction
The development of a B1 correction method was a major part of this work and is covered in section 5.4.
4.4 CEST study with tumor patients
4.4.1 Patient collective
All presented data of patients with brain tumors are part of an ongoing clinical study with patients from the
University of Heidelberg Medical Center. In this work, 12 patients of this collective are presented, comprising 11
patients diagnosed with glioblastoma multiforme WHO grade 4 and one patient with oligodendroglioma WHO
grade 4. Approval from the local ethics committee was granted after written informed consent was obtained.
Each patient was examined with a standard tumor protocol at 3 T 0-2 days before the CEST measurement. This
protocol included a T1-weighted gadolinium contrast-enhanced (gdce-T1), T2-TSE (turbo spin echo), T2-FLAIR
(fluid attenuated inversion recovery), and ADC (apparent diffusion coefficient) MRI. All protocol parameters of
these sequences are given in Appendix A.2. The patients’ ages spanned 45-81 years with an average of 61.6
years. More detailed information about the tumor patients is given in Appendix A.1.
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4.4.2 Patient protocol at 7 T
The protocol for the patient study is listed below. All parameters are given in the A.3 of the appendix.
• localizer-sequence
• B0 shimming in large volume to improve image quality
• T2-weighted turbo-spin-echo (TSE) for tumor localization
• tumor localization with the help of a radiologist and selection of slice(s) for CEST measurement
• B0 shimming in the selected volume
• iterative B1 mapping in the volume of interest with Siemens WIP sequence and adjustment of transmit
reference voltage
• WASSR (or WASABI) for B0 (and B1) mapping
• CEST with nominal saturation amplitude B1= 0.9µT
• CEST with nominal saturation amplitude B1= 0.6µT
• T1 mapping
• optional: susceptibility weighted imaging (SWI) and time of flight imaging (TOF) depending on patient
compliance
Each CEST measurement consisted of 65 frequency offsets: [−300, −100, −50, −20, −10, −8, −5, −4.25, −4,
−3.9, −3.8, −3.7, −3.6, −3.5, −3.4, −3.3, −3.2, −3.1, −3, −2.75, −2.5, −2.25, −2, −1.8, −1.7, −1.6, −1.5,
−1.4,−1.3,−1.2,−0.5,−0.25, 0, 0.25, 0.5, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 2, 2.25, 2.5, 2.75, 3, 3.1, 3.2, 3.3, 3.4,
3.5, 3.6, 3.7, 3.8, 3.9, 4, 4.25, 5, 8, 10, 20, 50, 100, 300] ppm with a saturation of 150 Gaussian-shaped pulses of
duration tp = 15ms, DC = 60%, and with spoiling in all directions during td . Hence, the total saturation time was
tsat = 3.75s leading to a total time of each CEST measurement of 4:07 min, WASSR 1:14 min (WASABI 1:52
min), B1 map 10 s, T1 map 2:20 min. The measurement time in total was around 45 min.
4.4.3 Co-registration of CEST images with other MR images
For comparison of CEST images with conventional MR images, a co-registration of the datasets was performed.
At first a manual co-registration tool written in Matlab was used. Later on, the registration was performed using
an automatic multi modal rigid registration algorithm in MITK [84]. Since the CEST data was only 2 dimensional
a direct registration onto other 3 dimensional MR images was not possible. Instead the MR images aquired at 3 T
were registered onto the T2-TSE images acquired at 7 T. Subsequently MITK allowed a mapping on the CEST
slice.
4.4.4 Statistical analysis
For statistical analysis, regions of interest (ROIs) were determined by an experienced radiologist. To test if av-
eraged values over two ROIs of CEST images have a statistically significant difference, a Student’s t-test was
performed using the statistics toolbox for MATLAB. To test the same hypothesis for multiple ROIs a repeated
measures analysis of variance (rmANOVA) with post-hoc Holm-Sidak pairwise multiple comparison was per-
formed using SigmaPlot version 12.5 (Systat Software Inc., San Jose, USA). The level of significance was always
set to p < 0.05.
4.5 Preparation of tissue samples
The tissue samples examined in this work originate from brains of pigs (sus scrofa domestica), chosen because of
the size and the abundance of both gray brain matter and white brain matter similar to human brains as illustrated
in figure 4.9. The brains were provided by the veterinary office of Mannheim in the form of intact hemispheres
and were transported on ice to limit degradation.
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Figure 4.9: Blue background: images of the brains
from rat, rhesus monkey, pig, and human to scale.
white background: histological slices of brains from
rat, rhesus monkey, pig, and human scaled to same
size. The similarity between the pig brain and the hu-
man brain is clearly visible. Both have a similar ratio
of WM to GM. In contrast, the rat brain shows only
a amount of WM. Reproduced with permission from
Howells et al., Journal of Cerebral Blood Flow and
Metabolism 2010; 30(8):1412-1431.
4.5.1 Homogenization
To gain access to the components inside of cells in solution, the cell membranes have to be ruptured. This can
be achieved by multiple methods including mechanical processes like grinding, shearing, and beating, but also
by sonication, thermal stress, or chemicals. The process is called homogenization because the barriers separating
intra- and extracellular compartments are destroyed so that both are mixed together forming a homogeneous
sample. We chose to homogenize our samples using a 7 mL Dounce tissue grinder (Wheaton Industries, Millville,
New Jersey, USA) shown in figure 4.10 based on the following recommendation and description from David W.
Burden [3, p.8]:
“ The Dounce homogenizer is most effective at lysing tissue culture cells and finely diced tissue
in order to generate lysates where there are still intact subcellular particles. If there is a need for
membrane fragments and organelles, then the Dounce homogenizer is a good tool to use. Once the
sample is placed in the tube, the pestle is inserted, pressed down, and then lifted. This up and down
motion is repeated which causes the sample to be sheared repeatedly. The shearing force can be
controlled to an extent by using different pestles with different diameters. The larger diameter pestle
is tighter fitting and creates greater shear, while the opposite is true for the smaller pestle. ”
Hence, first the loose pestle (gap approximately 112 µm) and subsequently the tight pestle (gap approximately
50 µm) were used to homogenize the tissue. The homogenizer was used on ice to reduce proteolysis during the
homogenization process.
The tissue was prepared by first separating WM and GM with a knife under the supervision of Dr. Manfred Jugold
of the Department of Imaging and Cytometry of the DFKZ. To facilitate the homogenization process, each tissue
was diluted separately with distilled water in the ratio mtissue/(mtissue+mwater) = 2/3 with the tissue mass mtissue
and the mass of water mwater. After homogenization, the homogenate was further diluted by phosphate-buffered
saline (PBS) to yield the final sample with mtissue/(mtissue +mwater+PBS) = 1/3 or 1/2 at various pHs. The
final PBS concentration was 1/15 M. Only for the highest pH values had the sample to be titrated with sodium
hydroxide. The pH of the final solution was measured using a pH meter. To reduce T1 and thus measurement
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time, Magnevist (Bayer, Leverkusen, Germany) was added with a final concentration of 20 µM.
An increase of the tissue to water ratio increased the CEST effects but resulted in the formation of small air
bubbles. These air bubbles caused discontinuity in the susceptibility leading to strong B0 inhomogeneities. These
induced artifacts in the image acquired with the whole body MR tomograph or caused difficulties with the B0
shimming in the NMR spectrometer. Spinning the sample may push the air bubbles to the surface but bears the
risk of separating larger and smaller compounds of the homogenate.
Figure 4.10: Dounce
tissue grinder with one
of the pestles that was
used for homogeniza-
tion of tissue samples.
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Chapter 5
Results
5.1 CEST MRI optimization for in vivo measurements of the human
head at 7 T
The goal of the following optimization of the CEST sequence is not to gain complete quantification of all in-
fluences in vivo, but rather to find parameters that yield sufficient signal. Most of the optimizations were be
performed on volunteers, where longer measurement times were possible compared to patient measurements.
The optimizations were performed partly with the help of Valentin Sauter during his bachelor thesis [72].
5.1.1 Optimization of the saturation pulse scheme
First, the saturation pulse scheme was optimized in order to isolate and maximize the CEST effect of amide pro-
tons at 3.5 ppm while maintaining a reasonable high aliphatic rNOE signal. The following saturation parameters
were investigated: saturation amplitude B1, saturation pulse duration tp, duty cycle (DC), and total saturation time
per frequency offset tsat . As described in sections 3.2.3 and 3.3, a saturation of tsat ≈ 3 ·T 1 is necessary to reach
the steady state, which yields the highest CEST effect. Also, a more efficient saturation of CEST effects with
slow exchange rates is expected for shorter pulses, especially if γB1tp ≈ 180◦ is fulfilled. According to theory,
the AREX signal is directly proportional to the DC (Eq. 3.42).
Pulse duration (tp) and saturation amplitude (B1)
The pulse durations tp = 15ms and tp = 100ms represent the lower and upper limits of the 7 T whole body MRI
tomograph. Shorter pulses exhibit a bandwidth that is too broad for a frequency selective saturation, while longer
pulses are not possible due to limitations of the amplifier system. Despite the different pulse duration, the overall
SAR of the pulses is the same. As expected from the simulations shown in section 3.3, shorter saturation pulses
perform better than longer pulses (Fig. 5.1). Shorter pulses may also benefit from a dispersion of resonance
frequencies of CEST effects in vivo due to their larger bandwidth. Contrary to the results obtained by simula-
tion (Fig. 3.8), no reduction of the AREX signal for B1 > 0.8µT was observed. However, the peak at 3.5 ppm
becomes less selective for B1 > 0.8µT, as expected from theory (see section 3.3). The dependence of the CEST
effects on B1 are further investigated in section 5.4.1.
It was found that the saturation with B1 ≈ 0.8µT and tp = 15ms results in a distinctive amide proton CEST
signal and more than sufficient signal of the aliphatic rNOE. In the next step, the required saturation time to reach
steady-state saturation is investigated.
Total saturation time (tsat )
As described in section 3.15, the steady state of Z(∆ω) is dependent on R1ρ and therefore also on T1. This
results in a different tsat to reach the steady state for WM and GM. This can be seen in figure 5.2 for the Z-spectra
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Figure 5.1: Averaged Z-spectra (a,b) and AREX-spectra (c,d) of a GM ROI of a healthy volun-
teer acquired at 7 T, with tp = 15ms (a,c) or 100 ms (b,d), DC = 50%, tsat = 2.4s, trec = 2.5s,
and trec,M0 = 12s. The averaged Z-spectra were fitted with the 2-pool Lorentzian fit function; all
lines are merely plotted to guide the eye but do not represent any fit function.
averaged over a ROI of GM and WM of a healthy volunteer. For WM, tsat = 3.375s is enough to reach the steady
state, whereas for GM, tsat = 4.5s is necessary.
Figure 5.2: Influence of total saturation time tsat on the averaged Z-spectra of ROIs in GM (a)
and WM (b). The saturation reaches a steady state in both tissues. Measurement parameters:
tp = 15ms, DC = 40%, trec = 0s, and trec,M0 = 12s.
A total saturation time tsat ≈ 4s is needed to reach the steady state in vivo, this is less than the expected 3 ·
T 1 ≈ 6s. Using slightly shorter tsat does not alter the Z-spectrum significantly, as it approaches the steady state
asymptotically. The remaining free parameter, the DC, is investigated in the next section.
Duty cycle (DC)
The highest amplitude and best selectivity of the amide proton effect is reached for DC = 50% as illustrated in
figure 5.3 for averaged Z-spectra over a ROI of GM and WM of a healthy volunteer. A steady state of the amide
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proton effect seems to be reached for higher DC for GM, even a reduction of the signal is observed.
Figure 5.3: Saturation with different DC with constant tsat = 4s, B1= 0.8 µT, and tp = 15ms
in GM (a) and WM (b) in the human brain of a healthy volunteer at 7 T. Additional saturation
parameters: trec = 0s, and trec,M0 = 12s.
After the optimization of saturation parameters concerning the RF irradiation the next step was investigation of
the influence of the inter pulse spoiling during the pulse delay td on the saturation.
Spoiling
Spoiling during the pulse delay td between saturation pulses as described in section 4.2.1 should improve the
saturation. Any residual magnetization in the xy-plane is dephased and cannot end up on the z-axis by either
subsequent saturation pulses or imaging readout pulses. The measurement with and without spoiling gradients
between saturation pulses of pulse duration tp = 15ms is depicted in figure 5.4.
Figure 5.4: Z-spectra with and without spoiling gradients in between saturation pulses of tp =
15ms, B1 = 0.8µT, DC = 50%, tsat = 4.5s, trec = 0s, and trec,M0 = 12s. Z-spectra are averaged
over ROIS in GM (a) and WM (b) of the brain of a healthy volunteer.
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Since spoiling dephases the transverse magnetization, this also shows that the transverse magnetization plays a
negligible role during the saturation – in coherence with the analytical solution described in 3.2.2. However, a
larger influence of the spoiling for other saturation schemes or measurements is possible. In the next section the
image readout is optimized in order to provide sufficient SNR and retain the information of the presaturation.
5.1.2 Optimization of the MRI readout parameters
After the magnetization is prepared by the saturation block, the imaging readout has to be done quick in order
to acquire the image before the magnetization relaxes back to equilibrium ~M = (0,0,M0). The centric reordered
FLASH sequence ensures that the contrast of the image is acquired prior to the edges. An increase of the flip
angle of the FLASH tip pulses enhances the signal in the k-space center and reduces the signal in the periphery.
Hence CEST contrast and SNR should be increased. However, the increase from FA = 10◦ to FA = 17◦ resulted
in a blurring of the images in addition to a reduction in the amide proton effect in the Z-spectra, as shown in
figure 5.5. The saturation of the ssMT, however, appears stronger for FA = 17◦ in GM.
Figure 5.5: Z-spectra acquired with different flip angles of the GRE imaging readout. Z-spectra
are averaged over ROIS in GM (a) and WM (b) of the brain of a healthy volunteer. Acquisition
parameters: B1 = 0.8µT, tp = 15ms, DC = 50%, tsat = 4.5s, trec = 0s, and trec,M0 = 12s.
To increase the measurement volume, multiple slices can be acquired in an interleaved fashion. In contrast to
a sequential acquisition, the first k-space line of each image is acquired before the second k-space lines are ac-
quired and so on. This leads to an increase of TR by a factor equal to the number of slices to be acquired. The
increased measurement volume, however, also means additional measurement time. As well, the SNR increases
due to a prolonged intra slice TR. Figure 5.6 shows the change of Z-spectra of two model solutions containing
creatine with the acquisition of a single slice or three interleaved slices. The exchange rates are ksw ≈ 300Hz
and ksw ≈ 30Hz, for (a) and (b) respectively. The exchange rates were approximated with the results for creatine
in PBS at defined pH and temperature given by Goerke et al. [20]. A slight reduction of the CEST effect at
∆ω = 1.9ppm can be observed for the faster exchange and a matching of the Z-spectra for the slower exchange.
The SNR improved from SNR(1 slice) = 635 to SNR(3 slices) = 808, which resulted mainly from a reduction of
noise. Hence the acquisition of one slice or three interleaved slices has only a negligible influence on Z-spectra –
especially in the slow exchange regime – and a positive effect on the image quality.
The optimization of both saturation and MRI readout yields Z-spectra with distinct CEST effects and suffi-
cient SNR to successfully apply the 5-pool Lorentzian fit model to in vivo CEST data of the human brain. The
applicability and stability of the fit model are investigated in the following section.
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Figure 5.6: Z-spectra of a creatine solution buffered with PBS to get exchange rates ksw≈ 300Hz
(a) and ksw ≈ 30Hz (b) as described by Goerke et al. [20]. To adapt T1 and T2 Magnevist and
Agar were added. T1 values were measured to 933 ms (a) and 1041 ms (b). Measurement
parameters: B1 = 0.8µT, tp = 15ms, DC = 60%, tsat = 4s, trec = 2s, and trec,M0 = 12s.
5.2 Performance of the 5-pool Lorentzian fit model in vivo
Both figures 4.8 and 5.8 illustrate the good performance of the 5-pool Lorentzian fit model (described in section
4.3.3). Both amide and amine peak are excellently represented. A small deviation is visible in the range of
−2ppm to −1ppm, which can be attributed to the very recently discovered rNOE at −1.6ppm [118], which was
not employed in the fit model. As this rNOE effect is quite small, the fit of the aliphatic rNOE is not influenced by
this signal. The MTRLD maps determined from the results of the fit, of the amide CEST effect, and the aliphatic
rNOE show less noise than the MTRLD map of the amine CEST effect. As expected from theory (Eq. 3.40),
the prolonged T1 in GM leads to a weighting of the amide CEST effect with T1 and hence to a strong GM/WM
contrast.
The reduced signal of MTRLD(−3.5 ppm) in the center of the brain is a result of the increased B1 in this area (see
section 5.4) as it leads to an increase of spillover, which attenuates the signal (Eq. 3.40). For MTRLD(3.5 ppm)
and MTRLD(2.0 ppm), the increase of the CEST signal and the attenuation due to higher spillover for increasing
B1 seem to cancel each other out.
Figure 5.7: Maps of MTRLD(3.5) (a) of amide CEST effect, MTRLD(2.0) (b) of amine CEST
effect, and MTRLD(2.0) of the aliphatic rNOE (c) determined with the 5-pool Lorentzian fit
model. The relative B1 map (d) illustrates the strong inhomogeneities apparent at 7 T.
To investigate the influence of the start parameters on the 5-pool Lorentzian fit model, the CEST data of one
volunteer was fitted with different sets of start values. Each parameter was varied in 11 equidistant steps from a
lower to an upper limit. The limits are listed in table 5.1 below. The number of iterations was reduced to 40 to
save computation time while also increasing the dependency of the fit on the start values.
Figure 5.8 shows the change of each parameter under the variation of the starting values of all parameters relative
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to the original fit in one representative pixel of GM. Additionally, all fit results are plotted in the same Z-spectrum.
Only one line is visible in the Z-spectrum since the variations of the fits are too small to be distinguishable. The
variation of the parameters is in the order of 108−105 relative to the original fit, which is negligible. Of course
simultaneous variation of two or more parameters may lead to stronger variations. Nevertheless, the observed
stability proofs that the 5-pool Lorentzian fit model is reasonably independent of the start values.
lower limit upper limit
c 0.5 1.0
Awater 0.02 1.0
Γwater 0.3 10
δwater −1 +1
AssMT 0 10
ΓssMT 10 100
δssMT −4.0 −2.0
Aamide 0 0.2
Γamide 0.4 3.0
δamide 3.0 4.0
Aaliphatic 0 0.4
Γaliphatic 1.0 5.0
δaliphatic −4.5 −2.0
Aamine 0 0.2
Γamine 1.0 3.5
δamine 1.0 2.5
Table 5.1: Limits of the start parameters of 5-pool Lorentzian fit model.
Figure 5.8: 5-pool Lorentzian fitting of one pixel of GM of a volunteer measured with the patient
protocol at 7 T with different start parameters. All 16 parameters were varied in 11 steps from
a lower to an upper limit. No difference in the resulting fit is observable. The variation of the
parameters is in the order of 108−105 relative to the original fit.
Thus, reliable isolation of the CEST effects in vivo is possible with the 5-pool Lorentzian fit model which shows
only negligible dependency on the start parameters. It will be shown in section 5.4 that the dependency on B1 ,
which already indicated in the MTRLD(−3.5 ppm) contrast increases for spillover- and ssMT-corrected contrasts.
For proper correction of this B1 dependency, consistent mapping of the B1 inhomogeneity is necessary. Although
the water pool is also fitted with the 5-pool Lorentzian fit model, the sampling around the water resonance is not
sufficient for reliable B0 mapping.
The following section describes the WASABI method for simultaneous B0 and B1 mapping in vivo.
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5.3 B0 and B1 mapping
Parts of this section were published in the Journal of Magnetic Resonance in Medicine [77]
As described in section 4.2.3, the WASABI-method can create a δω map (also called B0 map) and a B1 map
whereas the WASSR-method can only produce a δω map. One problem of the WASABI-method is the strong
dependency of the fit on starting parameters. Contrary to the Z-spectrum of a WASSR acquisition, the symmetry
axis of the Z-spectrum of a WASABI acquisition does not coincide with the minimum of the Z-spectrum. Since
the Z-spectrum of a WASABI acquisition is only influenced by B1, δω , T1, and B0, a lookup table of WASABI
Z-spectra was simulated using:
Z(∆ω) =
∣∣∣∣c−d · sin2(tan−1( γ ·B1∆ω−δωa
))
· sin2
(√
(γ ·B1)2+(∆ω−δωa)2 · tp2
)∣∣∣∣ (5.1)
The settings of the WASABI sequence were: B1 = 3.7µT, tp = 5ms, and ∆ω = [−1.5 : 0.1 : 1.5] ppm. Therefore
the lookup table contains simulated Z-spectra of all combinations of the following values: B1 = [1.0 : 0.15 : 5.55]
µT, δωa = [−1 : 0.025 : 1] ppm, c = [0.2 : 0.05 : 1], and d = [0.5 : 0.1 : 2.0]. The parameter set with the lowest
absolute difference between the simulated Z-spectrum and the measured data was determined for each voxel.
This parameter set was subsequently used as starting values for the fit. Figure 5.9 shows how the lookup table
helps improving the B1 and δωa maps in the brain of a volunteer measured at 7 T. Based on accurate guess of the
start parameters with this method, the number of iterations of the fit could be reduced to 20. It was also shown
by Schuenke et al. [77] that the parameters c and d compensate for the variations of T1 and T2.
As this enabled consistent evaluation of WASABI data, it was an important step towards B1-corrected CEST
contrasts.
Figure 5.9: Relative B1 map with (a) and without (b) lookup table, and δω map with (c) and
without (d) lookup table of the brain of a healthy volunteer at 7 T. Underestimation of rB1 and
δω is clearly visible for large δω (b,d). There is also a discrete edge and an underestimation of
low rB1 in the region of low rB1.
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5.4 Motivation and implementation of a B1 correction
Parts of this section were published in the journal NMR in Biomedicine [100].
In this section, the B1 dependency of the spillover- and ssMT-corrected MTRRex signal of amide protons and the
aliphatic rNOE is first investigated. This reflects the B1 dependency of AREX, as T1 is B1 independent and the
T1 compensation is applied pixel-by-pixel. Subsequently, two correction methods are introduced together with a
method for quantification of the performance of B1 corrections. Furthermore, the algorithms, B1 sampling point
distribution and amount used for the correction are evaluated. Finally, the importance of the B1 correction is
exemplified on a measurement of a patient diagnosed with a low-grade brain tumor.
5.4.1 Investigation of the influence of B1 on CEST contrasts
As described in section 3.3 each CEST effect depends on B1 and becomes maximium for a specific B1. To
evaluate the influence of B1 on the CEST signal for our specific saturation scheme (described in section 4.4.2),
CEST measurements of the head of a 24-year-old male healthy volunteer were performed at 8 different nominal
saturation amplitudes: B1,nom = 0.2,0.4,0.6,0.7,0.8,0.9,1.0, and 1.1µT. The nominal B1,nom is defined as the
saturation amplitude selected in the protocol settings.
Figure 5.10: Z-spectra and MTRRex-spectra in a ROI of GM of the brain of a healthy volunteer
for different B1. The red curves represent the fitted smoothing splines used for B1 correction at
the according frequency offsets.
The acquired Z-spectra and MTRRex spectra averaged over small ROIs (28 pixels) in GM are plotted in figure
5.10. The ROI was chosen small enough that intra-ROI variation of B1 can be neglected. Figure 5.11 shows the
linear behavior of MTRRex(3.5 ppm) and MTRRex(−3.5 ppm) in GM and WM for B1<0.7 µT. Despite a much
smaller exchange rate of the aliphatic rNOE compared to the exchange rate of amide protons (see sections 3.1.2
and 3.1.3) there seems to be a maximum MTRRex signal for both effects at B1 = 0.8−1.0µT in WM. Due to the
low relative B1 , no maximum or plateau of MTRRex is reached in GM. In the observed B1 range, the GM/WM
contrast peaks at B1 ≈ 0.8µT.
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Figure 5.11: B1 dispersion of MTRRex(3.5 ppm) (a) and MTRRex(−3.5 ppm) (b) and Z(3.5 ppm)
(c) and Z(−3.5 ppm) (d) in ROIs of GM and WM of the brain of a healthy volunteer. In contrast
to MTRRex, the Z-values are still compromised by direct water saturation and ssMT effects.
The local B1 at the 7 T whole body MR tomograph varies between 60%−120% of B1,nom across volumes in the
size of the human head and the non-negligible B1 dependency of the CEST effects leads to a weighting of the
CEST contrast by B1 as seen in figure 5.12 for the ssMT and spillover-corrected CEST contrasts MTRRex.
As MTRRex is spillover corrected, the B1 influence is more drastic than in the MTRLD images shown in figure 5.7.
In MTRLD , the increase of CEST signal with B1 is covered by the dilution of the CEST signal by the direct water
saturation (Fig. 3.7), yielding an increased water proton relaxation rate in the rotating frame Re f f in equation
(3.40).
Hence, a method to compensate the B1 inhomogeneity in unbiased CEST effects is required.
Figure 5.12: Relative B1 map, MTRRex(3.5 ppm) and MTRRex(−3.5 ppm) of the brain of a
healthy volunteer at 7 T. Measurement parameters are the same as for the patient study and are
described in section 4.4.2.
5.4.2 Implementation of B1 correction
Previously published methods for the correction of B1 inhomogeneities in CEST used MTRasym[78], which is not
a quantitative CEST contrast as it is influenced by spillover, ssMt, and the T1 of water (see section 3.2.3). To
eliminate the influence of B1 inhomogeneity on the relaxation-compensated CEST contrast AREX, an interpola-
tion approach was chosen. This means multiple CEST measurements are performed with varying B1. Together
with an additionally acquired B1 map, CEST data for a specific B1 can be reconstructed.
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Two methods for the correction of B1 inhomogeneity artifacts in CEST images are compared.
• Z-B1-correction: the Z-values of different B1 are interpolated pixel-wise. To increase the stability of the
interpolation, a data point Z(∆ω,B1 = 0µT) = 1 was added. The contrast is calculated by evaluation of
corrected Z-spectra obtained for a specific value of B1. Subsequently, the five-pool Lorentzian fit is applied
and MTRRex contrasts are generated.
• contrast-B1-correction: first the MTRRex contrasts are calculated from B0-corrected Z-spectra using the
results of the Lorentzian fit. Subsequently, the contrasts of different B1 are interpolated. Again, a data
point MTRRex(B1 = 0µT) = 0 was added.
Both methods can, in principle, be applied to all CEST pools. As the focus of this work lies on the CEST effects
of amide protons at 3.5 ppm and the aliphatic rNOE at −3.5 ppm, only these two are evaluated.
To eliminate the influence of B1 inhomogeneity on relaxation-compensated CEST images, the following were
studied: (i) quantifying the performance of the B1 correction, (ii) finding out how many B1 sampling points are
required and how they should be distributed for appropriate B1 correction of AREX in the human brain, (iii)
determining how the B1 dispersion of CEST data must be interpolated or fitted in an optimal manner, and (iv)
evaluating whether this approach is feasible and useful for CEST imaging studies of patients with brain tumors.
Quantification of B1 correction performance
Different algorithms were considered for the B1 correction: linear, spline, smoothingspline-interpolation, and
polynomial fitting for several orders. For evaluating the performance of these algorithms and the sampling of B1
points, the homogeneity of the complete WM and GM in the slice was used as a measure. A Gaussian function
was fitted to the distribution of MTRRex values in both tissues and the FWHM of the Gaussian function was used
to quantify the homogeneity of the tissue which serves as a measure for the quality of the applied B1 correction.
To increase the robustness of the fit, a least absolute residuals algorithm was used. Figure 5.13e shows the
selection of WM and GM based on a T1-weighted image. An example evaluation is shown in figure 5.13a-d,
comparing the distribution of MTRRex values for uncorrected and B1 corrected images. This evaluation method
decreased the effect of outliers compared to the standard deviation of the distribution.
Figure 5.13: Example for the quantification of the B1correction. (a) and (b) distribution of
MTRRexin WM, (c) and (d) in GM for corrected an uncorrected images. e) shows the ROIs
which were selected on the basis of a T1-weighted image.
Optimization of the number B1 values for correction
Figure 5.14 shows uncorrected and corrected MTRRex images for different numbers of sampling points for
contrast-B1-correction. The effect of B1 inhomogeneity is visible in the uncorrected images. Already the lin-
ear interpolation of the 1-point correction shows a substantial reduction of this artifact. The higher the number
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of sampling points B1,nom, the more pronounced the WM-versus-GM contrast becomes. The contrast improve-
ment from the 3-point to the 8-point correction seems to be solely caused by the improvement in SNR due
to averaging of MTRRex(−3.5 ppm) images; for MTRRex(3.5 ppm), the correction is stagnating already after
the 2-point correction. This is also reflected in the plot of the FWHM of the fitted distribution in figure 5.15.
Additionally, a comparison between Z-B1-correction and contrast-B1-correction is possible. The worsening of
the homogeneity of both WM and GM for MTRRex(−3.5 ppm) when using the Z-B1-correction suggests that
the assumption Z(δω,B1 = 0µT) = 1 does not work as well as the assumption MTRRex(B1 = 0µT) = 0 of the
contrast-B1-correction.
Figure 5.14: MTRRex(3.5 ppm) (top row) and MTRRex(−3.5 ppm) (bottom row) of the same
transverse slice of a healthy volunteer. Uncorrected (B1,nom = 0.9µT) and contrast-B1-corrected
(B1 = 0.8µT) images, the latter calculated with increasing number (from left to right) of B1 sam-
pling points. The contrast-B1-correction method was realized by a linear interpolation algorithm
for the 1-point correction and smoothing spline (smoothing factor 0.998) fit for all other correc-
tions. An increasing image quality and decreasing impact of the B1 inhomogeneity is observed
from left to right.
Figure 5.15: FWHM of Gaussian fits of the histograms of MTRRex(3.5 ppm) (left column) and
MTRRex(-3.5 ppm) (right column) in WM (top row) and GM (bottom row) of a healthy volunteer
for the contrast-B1-correction (red) and the Z-B1-correction method (blue) as a function of the
number of sampling points used for the smoothing spline fit evaluated at B1 = 0.8µT. The 1-
point correction employs a linear interpolation in both methods. For reference, the FWHM of
the uncorrected image with (B1,nom = 0.9µT) is used.
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Optimization of the distribution of two B1values for correction
Figure 5.16 illustrates the influence of the distribution of two B1 sampling points, when using the contrast-B1-
correction with a smoothing spline interpolation. Overall the combination which contained the highest achievable
amplitude B1,nom= 1.1 µT performed best since no extrapolation to higher values was necessary.
Figure 5.16: FWHM of Gaussian fits of the histograms of MTRRex(3.5 ppm) values (left col-
umn) and MTRRex(−3.5 ppm) values (right column) in WM (top row) and GM (bottom row)
of a healthy volunteer after 2-point contrast-B1-correction evaluated at B1 = 0.8µT with the use
of different sampling point tuples listed below the horizontal axis. The first bar (red) shows
the FWHM of the uncorrected contrast acquired at B1,nom = 0.9µT. The best overall result is
achieved using B1,nom = 0.6µT and 1.1µT as sampling points.
Increasing the robustness of the interpolation
The robustness of the contrast-B1-correction can be further increased by using knowledge of the B1 dispersion,
that MTRRex will reach a plateau (Fig. 3.7, Fig. 5.12). Another value far away from the measured B1 range is
added in the way MTRRex(B1 = B1, max + 1.5µT) = MTRRex(B1 = B1, max) to minimize extrapolation errors in
areas where B1 is very small, especially for interpolation methods that extrapolate non-linearly. For the Z-B1-
correction, this is not possible in since ssMT and spillover lead to a further decrease of Z-values for higher B1.
The influence of the assumption MTRRex(B1 = 0µT, described in section 5.4.2, is also investigated. The influence
of adding B1 values from prior knowledge for the contrast-B1-correction is illustrated in figure 5.17.
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Figure 5.17: 2-point contrast-B1-corrected images (B1,nom = 0.6,0.9µT evaluated at B1 = 0.5µT
(top row) and B1 = 0.9µT (bottom row) without the addition of prior knowledge (a, e), using
MTRRex(B1 = 0µT) = 0 (b,f), using MTRRex(B1 = B1, max+1.5µT) =MTRRex(B1 = B1, max) (c,
g), and using both MTRRex(B1 = 0µT) = 0 and MTRRex(B1 = B1, max+1.5µT) =MTRRex(B1 =
B1, max) (d, h). The overestimations (marked with arrows) disappear when prior knowledge from
the B1 dispersion is used.
Optimization of the B1 correction algorithm
For the contrast-B1-correction, the smoothing spline shows the best results when used with a smoothing factor
of 0.998 as seen in figure 5.18. For the Z-B1-correction of the aliphatic rNOE MTRRex(−3.5 ppm), the spline or
a second degree polynomial function seem to be the best solution. For MTRRex(3.5 ppm), the smoothing spline
performs best.
Figure 5.18: FWHM of Gaussian fits of the histograms of MTRRex(3.5 ppm) values (left col-
umn) and MTRRex(−3.5 ppm) values (right column) in WM (top row) and GM (bottom row)
of a healthy volunteer after two-point correction evaluated at B1 = 0.8µT. Different correction
algorithms were applied: linear interpolation (linear), polynomial fit of second degree (poly2),
spline interpolation (spline), and smoothing spline fit (sm. spline). The latter shows the best
performance for contrast-B1-correction.
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Improvement of CEST images of tumor patient
Figure 5.19 shows uncorrected and corrected images of MTRRex images for a 49-year-old female patient with
oligodendroglioma WHO grade 2. B1 ranges between 40% and 130% of B1,nom as seen in the B1 map (Fig.
5.19f) . CEST images were acquired with B1,nom = 0.6µT and 0.9µT. Hence, the 2-point contrast-B1-correction
was performed and evaluated at B1 = 0.8µT. The increased homogeneity of the corrected images allows a better
differentiation of tumor and healthy tissue in MTRRex(−3.5 ppm). Further, additional substructures in the tumor
region appear in the B1 corrected MTRRex(3.5 ppm) image. As aforementioned, the B1 corrected MTRRex images
can be used to create the relaxation-compensated contrast AREX by dividing the MTRRex image with a T1 map.
Figure 5.19: Application of the optimal B1-correction method to CEST images of a patient
with oligodendroglioma WHO grade 2. Uncorrected CEST images based on MTRRexwith
B1,nom = 0.9µT (a,b) and 2-point contrast-B1-corrected CEST images based on B1 = 0.8µT (c,d)
for amides (δamide = 3.5ppm) (a,c) and aliphatic rNOE (δrNOE =−3.5ppm) (b,d). T2-weighted
image (e) and B1-field map (f) of the same patient. The arrows indicate regions of altered con-
trast due to B1-correction. Employing an additional T1 map, the B1-corrected MTRReximages
are ready for application of the relaxation-compensated CEST method AREX (g, h).
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5.5 Patient study
Parts of this section were published in the journal NeuroImage [113].
This study for the first time investigated the isolated relaxation-compensated AREX contrast of amide protons at
3.5 ppm, amine protons at 2.0 ppm, and the rNOE effect of aliphatic protons at −3.5 ppm in brain tumor patients.
At first, the MTRasym contrast is put into context with conventional MR images. Subsequently, the MTRLD im-
ages, generated with the 5-pool Lorentzian fit model are illustrated. In two patients, the influence of spillover and
ssMT correction and T1 compensation is examined. With a statistical analysis of the entire patient collective, the
consequences of spillover, ssMT, and T1 are further investigated. Furthermore, a patient that received a conven-
tional follow up MR examination is presented. Additionally, the correlation of the AREX signals with patient
age is presented. Finally, CEST contrasts generated by either employing the 5-pool Lorentzian fit model or the
three-point method (TPM) are compared.
5.5.1 Conventional MRI and CEST
Multi-parametric, conventional MR images of one glioblastoma patient of the patient collective described in
section 4.4.1 are shown in figure 5.20. The tumor is located on the left side of the images, best identifiable on
the gdce-T1 image (Fig. 5.20a). The bright ring represents the leakage of the gadolinium containing contrast
medium into the tissue as a result of the break down of the blood-brain barrier and represents an active part of
the tumor [98]. Inside this ring the tissue is necrotic. The bright area in the T2-weighted images (b,c) identifies
the edema. All images of this patient from the top row of figure 5.20 were acquired at 3 T on the MRI scanner
of the Heidelberg University Medical Center one day before the study on the 7 T MRI scanner (bottom row) was
performed as described in section 4.4.1. The commonly used CEST contrast MTRasym shows increased signal
around the tumor but cannot differentiate between edema, necrosis, and active tumor region.
Figure 5.20: Multi-parametric MR images of patient 1 of the glioblastoma collective. Top row
contrasts (3 T): ce-T1 (a), T2w(b), FLAIR (c), ADC (d). Bottom row contrasts (7 T): B1 map (e),
T1 map (f), semi-solid MT (MTC) (g), and MTRasym(3.5 ppm) (h). The tumor region is visible
in all imaging contrasts, MTRasym(3.5 ppm) shows similar structures as T1, T2, and MTC.
5.5.2 Isolation of CEST effects
If not stated otherwise, all patient data are contrast-B1-corrected to B1 = 0.6µT.
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Figure 5.21 shows maps of MTRLD, the linear difference of complete 5-pool Lorentzian fit model to a refer-
ence without the according pool (see section 3.2.2). The obvious difference between MTRLD(3.5 ppm) and
MTRasym(3.5 ppm) verifies the overlap of amide and aliphatic CEST effects in MTRasym. The tumor ring that
was visible in the gdce-T1 image (Fig. 5.20a) can also be identified in MTRLD(3.5 ppm). The aliphatic rNOE
contrast shows similar features as MTRasym but with inverted signal. The ssMT contrast MTC shows a strong
reduction in the necrosis, gdce area, and edema and similarity to the aliphatic rNOE contrast. The amine proton
signal MTRLD(2.0 ppm) shows barely any contrast, only slight hyperintensity in the edema.
Averaged Z-spectra of ROIs, drawn on the basis of the gadolinium contrast-enhanced image, representing a region
of the tumor infiltrated tissue (red stars) and of normal-appearing white brain matter (nWM) on the contralateral
side of the brain (blue stars) are shown in figure 5.21a. The lines following the course of the Z-spectrum represent
the averaged 5-pool Lorentzian fit in these regions. The separate contributions to the fit from the different effects
are plotted on the bottom of figure 5.21a. An increase of the amide proton effect and a decrease of the aliphatic
rNOE can be observed in the tumor ROI, in agreement to the MTRLD maps. The most prominent difference of
the Z-spectra of the two ROIs is the change of the broad ssMT background, depicted over a logarithmic, broad
frequency range in figure 5.21b.
Figure 5.21: Z-spectra averaged over ROIs in tumor tissue (red) and normal-appearing white
brain matter (blue) (a) with the contributions of amide and amine protons and the aliphatic
rNOE. The fitted Lorentzian functions of each pool are plotted beneath the Z-spectrum. The
ssMT contribution is best visible with a logarithmic scale (b). The images show the amplitude
of each contribution in each voxel. The ssMT is evaluated at −2 ppm giving the MTC.
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5.5.3 Influence of spillover, ssMT and T1 correction on the tumor contrast
Figures 5.22 and 5.23 show the effect of the inverse metric and the relaxation-compensation by showing MTRRex
and AREX of the the amide proton effect and the aliphatic rNOE of two patients.
Figure 5.22: Top row: patient 1, bottom row: patient 3. Isolated Lorentzian difference contrast
of the amide proton effect at 3.5 ppm (a,e) together with the spillover corrected MTRRex (b,f)
based on the inverse metric and the T1-corrected CEST contrast AREX (c,g). The rightmost
column shows co-registered gdce-T1 images (d,h).
Figure 5.23: Top row: patient 1, bottom row: patient 3. Isolated Lorentzian difference contrast
of the aliphatic rNOE at -3.5 ppm (a,e) together with the spillover corrected MTRRex (b,f) based
on the inverse metric and the T1-corrected CEST contrast AREX (c,g). The rightmost column
shows co-registered gdce-T1 images (d,h).
Amide proton signal
MTRRex shows no significant change of the signal around the tumor, while the signal in WM, however, is in-
creased, reducing the tumor contrast (Fig. 5.22). The T1-correction applied to the amide signal leads to a change
in contrast: before the corrections, there is a higher intensity in the tumor region, but AREX actually shows lower
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intensity in the tumor compared to contralateral WM. This suggests that this increased intensity in the MTRLD
images is most likely a T1 shine-through effect caused by longer T1 in the tumor tissue. The T1 correction re-
duces the signal in the tumor area significantly while only marginally affecting other regions.
Aliphatic rNOE
The aliphatic rNOE signal shows an increase of WM/GM contrast in MTRRex, which is further increased in
AREX. The signal reduction in the tumor in particular is more pronounced after spillover and relaxation com-
pensation (Fig. 5.23 ). The contrast-B1-correction seems to perform better for MTRRex and AREX in patient 3
where an overestimation of MTRLD values is present in the periphery. The AREX(−3.5 ppm) contrast shows a
clear signal drop in the gdce area and a high similarity with MTC (Fig. 5.21).
For both pools, neither the use of the inverse metric nor the relaxation compensation had a significant influence
on the contrast to noise. All maps present comparable image quality, which is of course only possible if the T1
map does not introduce a significant amount of additional noise.
5.5.4 Statistical analysis
For a quantitative representation of the above observations, a statistical analysis was performed for all patients.
The areas of enhancing (gdce), normal-appearing tissue (nWM), edema (Ed.), and necrosis (nec.) were identified
by an experienced radiologist in co-registered gdce-T1- and T2-weighted images.
To test the correlation of gdce and nWM for the different CEST contrasts, a paired Student’s t-test was performed
for all patients. The ROI averaged values are depicted in figure 5.24, with error bars representing the standard
deviation of the ROI. The small intra patient variability suggests good reproducibility within the patient collective
whereas the relatively large error bars of all amide CEST contrasts at 3.5 ppm indicate that the signal is not
completely homogeneous in each tissue type.
As only 6 patients exhibited all tissue types, an analysis consisting of a repeated measures analysis of variance
(rmANOVA) was only performed on this subgroup. The results of the rmANOVA are depicted in table 5.2. The
collective averaged values of the different tissues for the different CEST contrasts are depicted in figure 5.25. The
error bars represent the intra patient standard deviation of the ROI averages.
Figure 5.24: CEST contrasts in regions of normal-appearing contralateral WM (nWM) and a
contrast-enhancing area in the tumor (gdce). Each color bar represents the ROI evaluation of
one patient of the collective.
Amide proton signal
As observed in patients 1 and 3 (Fig. 5.22), a significant contrast (p < 0.001) between gdce regions and nWM
was detected in MTRLD(3.5 ppm) – the AREX(3.5 ppm) signal however shows no significant contrast between
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nWM and gdce regions (p > 0.2). It is clear that the amide-CEST contrast reduces after each correction step
MTRLD→ MTRRex→ AREX. Actually the quantitative and unbiased AREX signal indicates a reduction of the
CEST effect in the gdce area. Hence the contrast between nWM and gdce regions in the amide-CEST contrast
MTRLD(3.5 ppm) is a result of spillover/ssMT and relaxation weighting. That MTRasym in comparison to MTRLD
can differentiate (see table 5.2) between all tissue types can be explained by the strong influence of the aliphatic
rNOE as MTRLD(−3.5 ppm) also shows this characteristic.
Aliphatic rNOE
The decrease of the aliphatic rNOE signal in the tumor is more pronounced for AREX (a) than for the uncorrected
MTRLD metric (c). The similarity between the rNOE-contrast and MTC that was also visible in patients 1 and 3
(Fig. 5.21) is also observable in this ROI-averaged evaluation.
It is well known that the ssMT has a frequency offset of δssMT ≈ −2ppm relative to the water resonance in
the human brain [29]. However, this asymmetry is often ignored on the basis of the large width of the ssMT in
the Z-spectrum. With our saturation scheme, we were able to also fit the ssMT with a Lorentzian function and
to isolate the asymmetry of the MTC at 3.5 ppm. The result is plotted in figures 5.24e and 5.25e showing that
even at this low power, the ssMT has a significant contribution to MTRasym(3.5 ppm). Furthermore, the ssMT
asymmetry shows the same relationship between different tissue types as MTRasym.
Figure 5.25: Average values for all CEST contrasts in ROIs for the gadolinium contrast enhance-
ment (gdce), normal-appearing white brain matter (nWM), edema (Ed.), and necrosis (nec.) in
6 patients.
ROIs
nWM necrosis edema necrosis edema necrosis
vs. vs. vs. vs. vs. vs.
gdce gdce gdce nWM nWM edema
AREX(+3.5 ppm) × X X X X X
AREX(−3.5 ppm) X X X X X X
MTRLD(+3.5 ppm) X X X × X ×
MTRLD(−3.5 ppm) X X X X X X
MTRasym(+3.5 ppm) X X X X X X
MTC X X X X X X
T1 X × × X × ×
Table 5.2: rmANOVA on ranks between different ROIs for gadolinium contrast enhancement
(gdce), normal-appearing white brain matter (nWM), edema, and necrosis. Only 6 patients could
be evaluated since the others were missing either edema or necrosis. The results indicate whether
the differences in the median values among the tissues are greater than would be expected by
chance with a statistical significance of p < 0.05.
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5.5.5 Single case of patient progression
In agreement with the results from statistics outlined above, the AREX(3.5 ppm) decreases in the ring enhance-
ment of the tumor of patient 3 shown again in figure 5.26. Notably, a diffuse enhancement is seen adjacent to the
ring enhancement on gdce-T1 at baseline (pink arrow). Due to the location of the tumor, patient 3 received only
an exclusive biopsy instead of an extraction of the tumor. This allowed for a follow up MRI examination after
one month, which revealed a massive progression that was predominantly located in the area of the former diffuse
enhancement. This shows that the quantitative and unbiased CEST signal AREX(3.5 ppm) might be valuable for
example identification of starting infiltration and malignization of tumors.
Figure 5.26: Patient 3 with a glioblastoma in the right nucleus lentiformis, gdce-T1 at first
diagnosis (a) and at 4 weeks follow up (e). Adjacent to the ring enhancement (a), a diffuse
enhancement is visible (a, pink arrow). Interestingly, the marked region of signal enhancement in
AREX(3.5 ppm) corresponds with the area of decreased ADC (f) indicating increased cellularity.
5.5.6 Correlation of AREX signal with patient age
Figure 5.27 shows the correlation of AREX(3.5 ppm), AREX(−3.5 ppm) averaged over ROIs in nWM and patient
age in nWM ROIs.
Figure 5.27: AREX signal of amide protons (a) and the aliphatic rNOE (b) averaged in a ROI
of normal-appearing white brain matter as a function of patient age. The red line represents a
linear regression fitted to the data.
Both signals seem to decrease with patient age. The linear regressions read:
AREX(3.5 ppm, age) =−0.00023 · age+0.067 (5.2)
AREX(−3.5 ppm, age) =−0.001 · age+0.28 (5.3)
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Since both signals have contributions from proteins, this signal reduction could indicate the slowing of metabolism
with increasing age. For the reduction of the aliphatic rNOE, the demyelination of neurons could also cause such
a signal loss. These are, however, merely preliminary results as only 12 patients were evaluated, gender was not
taken into consideration, and all data are based on patients with brain tumors.
5.5.7 Equivalence of 5-pool Lorentzian fitting and three-point method (TPM)
In this section two evaluation techniques are compared: Fitting with the 5-pool Lorentzian fit model and the TPM
(see section 4.3.3). The TPM has the advantage that less points are needed for evaluating the data, whereas the
fitting approach reduces the noise. The frequency offsets for the evaluation of the amide proton peak and the
aliphatic rNOE are listed in table 5.3.
amide aliph. rNOE
∆ωre f ,1 2.8 ppm −5.0 ppm
∆ωlab 3.5 ppm −3.5 ppm
∆ωre f ,2 4.8 ppm −2.0 ppm
Table 5.3: Frequency offsets for reference and label points of the TPM for the amide proton peak
and the aliphatic rNOE.
To reduce the noise in the TPM, all reference points and the evaluation points were averaged with adjacent values
in the Z-spectrum. The Lorentzian fit data was B1 corrected with the contrast-B1-correction method whereas the
Z-B1-correction method was applied for the TPM to obtain smoothed Z-spectra before the TPM.
The AREX maps of the TPM show the same contrast as the maps calculated with Lorentzian fitting but with
higher noise. Overall, the values of the TPM are about 50% smaller than for the Lorentzian fitting. Both the
underestimation of the reference point Zre f (∆ω) by the linear interpolation and a remaining effect at the reference
points Zre f ,1 and Zre f ,2 contribute to this signal reduction. Compared to the potential reduction in measurement
time, the loss in contrast to noise is quite small. For this specific evaluation of the TPM, with averaged adjacent
points, at least ten frequency offsets are necessary per pool. More frequency offsets are needed if a B0 shift has
to be compensated. Hence, especially if only one pool is of interest, this allows for a significant reduction in
measurement time.
Figure 5.28: Comparison of 5-pool Lorentzian fit (a,c) and TPM (b,d). For the amide CEST
contrast AREX(3.5 ppm), the Lorentzian fitting (a) yields a less noisy contrast than TPM (b).
The aliphatic rNOE contrast AREX(−3.5 ppm) appears very similar for Lorentzian-fitting (c)
and the TPM (d), but again with a better SNR for the Lorentzian fitting approach. The TPM also
yields smaller values than the fitting approach.
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5.6 Separating chemical exchange from dipolar coupling at the amide
proton resonance
Parts of this section were published in the Journal Magnetic Resonance in Medicine [112].
Recent experiments with water exchange spectroscopy on the protein albumin verified the existence of an rNOE
underlying the amide proton signal at ∆ω = 3.5ppm, probably originating from protons of aromatic groups
[31, 19]. Hence the signal AREX(3.5 ppm), that was assumed to have only CE contribution from amide protons,
could be affected by this rNOE signal downfield of the water resonance. Depending on the size of the rNOE at
this frequency offset, this could alter the in vivo contrast AREX(3.5 ppm) significantly, as CE and rNOE effects
show counteracting behavior in the tumor region (Fig. 5.21). The main goal of this section is therefore the quan-
tification of the contribution of this downfield rNOE to the AREX(3.5 ppm) signal.
Since only chemical exchange is dependent on pH change, this provides a way to separate the two effects exper-
imentally. The first part of the following section explains why the homogenate of tissue samples from the brain
of sacrificed, healthy pigs is valid for such an experiment.
The absolute size of an rNOE effect always depends on saturation parameters and protein concentration. To fa-
cilitate the translation to in vivo data, the ratio of the downfield rNOE at ∆ω = 3.5ppm and the upfield rNOE at
∆ω =−3.5ppm:
rrNOE =
downfield rNOE (3.5 ppm)
upfield rNOE(−3.5ppm) (5.4)
will be determined in the second part of this section in experiments using tissue homogenate.
5.6.1 Influence of tissue integrity on CEST
As described in section 4.5.1, are broken apart during the process of homogenization to release the cell contents.
By diluting the homogenate and rendering it less viscous, the proteins are able to tumble faster. As described in
section 3.1.3, the magnetization exchange rate kab of a NOE inside a protein depends on the correlation time τc
according to:
kab ≈ µ
2
0 h¯
2γ4
160pi2
· τc
r6
(5.5)
Since the intramolecular NOE is the limiting factor of the aliphatic rNOE and its rate is small, full labeling is
reached. Therefore AREX(−3.5 ppm) should increase with increasing rate of the intramolecular NOE. Therefore
CEST experiments were performed with different stages of tissue integrity: intact hemispheres of pig brain in a
NaCl-solution, pieces of WM tissue, and WM tissue homogenate. The first experiment was performed on the 7 T
whole body scanner with a phantom containing two intact hemispheres of pig brain and a 20 ml vial of WM tissue
homogenate diluted with PBS (ratio 2:1) at pH = 7.0±0.1 (Fig. 5.29a,b). Another experiment was performed at
14.1 T, consisting of pieces of WM tissue from the same sample in PBS solution (ratio 1:2) before and after the
homogenization process (Fig. 5.29c,d).
In both experiments, the Z-spectrum of the homogenate lies above the Z-spectrum of the native tissue owing
to a decrease in MT. The T1 increased from T1tissue = 1.44± 0.1s to T1hom = 1.62± 0.10s at 7 T and from
T1pieces = 2.47± 0.06s to T1hom = 2.54± 0.10s at 14.1 T, respectively. In both cases the AREX signal of the
aliphatic rNOE on the right side of the spectrum remains unaffected by the homogenization. The small changes
of the AREX signal on the left side may be due to small changes in pH.
Altogether the homogenization seems to only marginally affect the AREX-spectrum. The main difference in the
Z-spectra is the decrease of the ssMT after homogenization (ca. 10%), but since AREX is MT-corrected this has
no influence on the AREX(−3.5 ppm) signal.
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Figure 5.29: Z-spectra (a,c) and AREX-spectra (b,d) of intact WM tissue from complete hemi-
sphere of pig brain and WM tissue homogenate at 7 T (a,b) and pieces of WM tissue and WM
tissue homogenate at 14.1 T (c,d). The AREX-spectrum of WM tissue homogenate in (b) is
compensated for tissue concentration. The error bars in (a,b) are given by the standard devia-
tion in the evaluated ROIs. Measurement parameters (a,b): pH = 6.96, T = 25 ◦C, B1 = 0.8µT,
tsat = 3.75s, DC = 60%, trec = 8s, trec,M0 = 12s, 72 frequency offsets. Measurement parameters
(c,d): pH = 7.05, T = 37 ◦C, B1 = 0.6µT, tsat = 12s, DC = 60%, trec = 1s, trec,M0 = 12s, 133
frequency offsets.
These results indicate that the correlation time, and hence the mobility of the proteins, is only affected marginally
by the tissue structure. Thus in the context of CEST MRI, tissue homogenate is a good substitute for intact tissue
with the potential to vary the pH of the protein environment. This is the first examination on the influence of
tissue structure on a CEST signal.
5.6.2 Stability of the CEST signal of tissue homogenate
In an attempt to increase the stability of the samples, a protease inhibitor cocktail (Sigma-Aldrich, Steinheim,
Germany) was considered for addition to the homogenates. This inhibitor cocktail contains AEBSF, aprotinin,
bestatin, E-64, EDTA, and leupeptin and should slow down the reactions that break up proteins. As some of these
substances also have exchangeable protons the inhibitor was first measured separately at 14.1 T (Fig. 5.30a). As it
exhibits a CEST signal at 3.0 ppm it was not used any further experiments. Using frozen samples would facilitate
the handling and supply of the tissue samples, hence priorly frozen and fresh WM tissue samples of pig brain
were compared (Fig. 5.30b). Although the left side of the AREX spectrum is unchanged, a small increase in the
aliphatic rNOE signal can be observed. Nevertheless, to eliminate errors that can be introduced by the freezing
process, only fresh samples were used for all further experiments.
Figure 5.31a shows that even if the protease inhibitor is not used, the changes of the AREX spectrum of tissue
homogenate over time are small. The AREX spectrum even approaches a steady state after 2−3 h. The increase
of the aliphatic rNOE signal could be explained by the break down of larger proteins whose remains become
sufficiently mobile for CEST. This may also explain the slight increase of the frozen sample in figure 5.30b, as
freezing can lead to the fragmentation of large proteins.
As some experiments were performed at 14.1 T to profit from higher SNR and increased spectral resolution,
the influence of the B0 field strength on AREX spectra was investigated using protein bovine serum albumin
(BSA) in PBS solution (Fig. 5.31b). All experimental settings except for B0 were identical. An increase and
broadening of the AREX signal over the whole spectrum can be observed and the increase of the rNOE at lower
field strengths is in contrast to expectation from theory (see section 3.1.3). The increase of CE effects as a function
of B0 suggests another origin for the variation of AREX signals, since CE effects have no explicit dependency
on B0 (see section 3.1.2). An explanation may be the reduced spectral resolution at lower field strengths and thus
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Figure 5.30: The inhibitor shows a CEST peak at ∆ω = 3.0ppm and is therefore not feasible to
use in CEST experiments with tissue samples (a). The comparison between a sample of WM
tissue that was priorly frozen and a fresh WM tissue sample shows a small deviation in AREX
at -3.5 ppm (b). Measurement parameters: pH = 7.05 (b), T = 37 ◦C, B1 = 0.6µT, tsat = 12s,
DC = 60%, trec = 1s, trec,M0 = 12s, and 133 frequency offsets.
a relatively broader bandwidth of the saturation pulses labeling more proton species at each frequency offset.
Additionally, the experiment illustrates the better resolution of CEST signals at higher field strengths evident in
the appearance of structures in the aliphatic rNOE signal at 14.1 T.
Figure 5.31: (a) AREX-spectra of WM homogenate
at four different time points. (b) AREX-spectra of
10% w/v BSA solution at three different static mag-
netic field strengths at 25◦C. Measurement parame-
ters: T = 37 ◦C, B1 = 0.6µT, tsat = 15s, DC = 60%,
trec = 1s, trec,M0 = 15s, and 133 frequency offsets.
5.6.3 Determination of the rNOE ratio
Homogenate of GM and WM in solution with PBS and magnevist to calibrate pH and T1 were placed in Eppen-
dorf tubes of 1 ml volume. Four Eppendorf tubes were placed in a 50 ml tube, containing NaCl solution. The tube
assembly was then fixed in a thermoflask (see section 4.1.1). CEST measurements of GM and WM tissue ho-
mogenate at 6 different pHs ranging from 5.9 to 8.4 were performed at 7 T. Figure 5.32 shows the ROI-averaged
Z-spectra. A clear variation with pH of the CE effects of the amide protons at ∆ω = 3.5ppm and the amine
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protons at ∆ω = 2.0ppm can be observed. Although the amine protons exhibit fast exchange with water protons,
the peak is even more narrow than the peak of the amide proton.
To eliminate any remaining influences of spillover, ssMT, or T1, the following analysis is performed using AREX
spectra. As described in section 3.1.2, CE effects have an exponential dependency on pH, therefore an underlying
rNOE contribution to the AREX(3.5 ppm) signal can be identified as baseline C of an exponential fit of the form:
AREX(3.5ppm) = a · e(b·pH)+C (5.6)
The fit was performed using a Levenberg-Marquart Algorithm without restricting boundaries in Matlab (Fig.
5.33b). Another, less sophisticated way to estimate the contributions is to perform a linear interpolation of two
data points at the borders of the amide CEST peak at 2.9 ppm and 4.5 ppm, as shown in figure 5.33c. Since the
AREX-spectra show that these boundaries vary with pH, this is merely an approximation.
Figure 5.32: Z-spectra of GM and WM tissue homogenate measured at 7 T. The data of WM
at pH = 5.9 is ignored due to very low SNR. The depicted Z-spectra are ROI averages over the
volumes that contain the tissue homogenate. Measurement parameters: T = 37 ◦C, B1 = 0.6µT,
tsat = 10s, DC = 60%, trec = 3s, trec,M0 = 12s, and 91 frequency offsets.
AREX spectra of of GM homogenates are plotted in figure 5.33a. The exponential growth of the AREX(3.5
ppm) signal is curtailed at higher pH, which can be explained by labeling efficiency. With increasing pH, the
exchange rate increases significantly and the B1 can no longer provide sufficient labeling of the solute protons
(see section 3.2.2). Though for this reason, the data from the GM homogenates with pH > 7.5 were excluded
from the analysis.
The size of the amide proton effect was not sufficient to fit the data of WM homogenate at 7 T, therefore the
same experiment was repeated at 14.1 T. For this experiment, only four pH = 5.9, 6.5, 7.1, 7.6 were measured.
The homogenate was placed in 5-mm NMR tubes using the measurement parameters that matched those of
the experiment at 7 T. However, due to the difficulty of shimming more viscous samples at the 14.1 T NMR
spectrometer the homogenate had to be further diluted, leading to a smaller overall CEST signal. However, this
affects only the absolute contribution of the downfield rNOE and not the rNOE ratio.
Figures 5.33 and 5.34 show the resulting AREX spectra (a) and the exponential fit (b), as well as the linear
interpolation (c) for GM and WM, respectively. All results are summarized in table 5.4. The final results for the
rNOE ratio are rrNOE(GM) = 0.28±0.04 and rrNOE(WM) = 0.11±0.04.
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Figure 5.33: Determination of the downfield rNOE contribution in GM tissue homogenate mea-
sured at 7 T. AREX spectrum (a) of the tissue homogenate at different pHs; exponential fit of
the AREX(3.5 ppm) signal for the first 4 pH values (b); linear interpolation of the the AREX
spectrum (c).Measurement parameters: T = 37 ◦C, B1 = 0.6µT, tsat = 10s, DC = 60%, trec = 3s,
trec,M0 = 12s, and 91 frequency offsets.
Figure 5.34: Determination of the downfield rNOE contribution in WM tissue homogenate mea-
sured at 14.1 T. AREX spectrum (a) of the tissue homogenate at different pHs; exponential
fit of the AREX(3.5 ppm) signal for the first 4 pH values (b); linear interpolation of the the
AREX spectrum (c). Measurement parameters: T = 37 ◦C, B1 = 0.6µT, tsat = 12s, DC = 60%,
trec = 2s, trec,M0 = 12s, and 133 frequency offsets.
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downfield rNOE upfield rNOE rrNOEat 3.5 ppm at −3.5 ppm
GM homogenate exp. fit at 7 T 0.019 0.061 0.31interpolation at 7 T 0.015 0.061 0.25
WM homogenate
exp. fit at 14.1 T 0.0038 0.0408 0.09
interpolation at 14.1 T 0.0037 0.0408 0.09
interpolation at 7 T 0.0169 0.104 0.16
Table 5.4: Determination of the rNOE ratio rrNOE in WM and GM homogenate of tissue samples
of pig brain. The contribution to the AREX(3.5 ppm) signal from the downfield rNOE is derived
with either the baseline of an exponential fit of AREX(3.5 ppm) at different pHs or by linear
interpolation. For the WM homogenate the contrast-to-noise at 7 T was not sufficient for the
exponential fit therefore the experiment was repeated at 14.1 T. The depicted upfield rNOE
value is the average value of the AREX(−3.5) signal over all pHs. There is a small variation
depending on the method and a higher rrNOE in GM than in WM.
5.6.4 Approximation of exchange rates
As described in section 3.3, the exchange rate of a CEST pool can be approximated using the knowledge of
restricted labeling for AREX:
ksw,opt ≈ ω1c2 (5.7)
For the applied Gaussian-shaped pulses, the width-to-pulse duration ratio σ/tp = 1/4.46 leads to the form factor
c2 = 0.67 [58]. Evaluating the AREX spectra of the GM tissue homogenate with B1 = 0.6µT as depicted in figure
5.33 leads to:
amide protons at 3.5 ppm: ksw,opt = ksw(pH = 8.1)≈ 240Hz (5.8)
amine protons at 2.0 ppm: ksw,opt = ksw(pH = 6.5)≈ 240Hz (5.9)
with the formula for ksw from equation (3.2) this can be used to calculate the exchange rate at physiological pH:
amide protons at 3.5 ppm: ksw(pH = 7.05)≈ 20Hz (5.10)
amine protons at 2.0 ppm: ksw(pH = 7.05)≈ 850Hz (5.11)
Since PBS was used to buffer the homogenate, the contribution from kbu f f er of equation (3.2) may have changed
compared to the in vivo situation. Also, the assumption ksw > 1/tp for a valid description of Rmaxex in the pulsed
saturation case is barely reached. Nevertheless, the exchange rates from this approximation correspond well with
the exchange rates that were determined by other groups (see table 3.1).
5.6.5 Approximation of pH in vivo
In the following, AREX spectra of GM tissue homogenate and averaged AREX spectra of a ROI in GM of a
healthy volunteer are compared. For better comparability, the AREX(−3.5 ppm) signal of the in vivo AREX
spectrum was normalized to the AREX spectra of tissue homogenate. The normalization factor was 0.55 which
deviates only 10% from the factor of 0.5 that was expected from the dilution of the homogenate with PBS. The
AREX(3.5 ppm) signal of the in vivo measurement matches almost perfectly with the AREX(3.5 ppm) signal of
the homogenate at pH = 7.1, though it is slightly higher. The AREX(2.0 ppm) signal is lower in vivo than the
AREX(2.0 ppm) signal in both homogenates at pH = 7.1 and 7.5. Both effects hint at a pH > 7.1 in the chemical
environment of the mobile proteins that contribute to the CEST signal in vivo. However, as this is the first direct
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comparison between human brain tissue and pig brain tissue and between living and dead tissue, other effects
may play a role.
Figure 5.35: AREX spectrum averaged over GM tissue of a healthy volunteer measured at 7 T
(blue line) and AREX spectrum of GM tissue homogenate also measured at 7 T (green, orange
line). The homogenate was diluted, therefore the AREX spectra are normalized to the aliphatic
rNOE signal. The error of the in vivo AREX spectrum (light blue) is given by the error of the
average value of the ROI. Measurement parameters were the same except for the number of
Gaussian-shaped saturation pulses due to different T1s: tsat (in vivo)= 3.75 s, tsat (homogenate)=
10 s, DC=60, tp = 15ms, Trec(invivo) = 0s, Trec(homogenate) = 3s, and Trec,M0 = 12s.
5.7 Downfield-NOE-suppressed AREX
Parts of this section were published in the Journal Magnetic Resonance in Medicine [112]
As described in section 3.1.4, the rNOE signal originates mainly from large, slow-tumbling proteins. The rNOE
ratio represents the ratio of the concentration of aromatic to aliphatic protons, weighted by their exchange rate,
which were determined as ksw(aromatic rNOE) = 3.4± 0.1Hz and ksw(aliphatic rNOE) = 2.1± 0.1Hz in BSA
[112]. Assuming a constant ratio in all tissue types, the AREX(−3.5 ppm) signal upfield from the water reso-
nance can be used to approximate the downfield rNOE contribution, as AREX is linear with respect to the solute
concentration. Hence a new relaxation-compensated contrast representing the isolated signal of the CE of amide
protons, devoid of the downfield rNOE contribution can be introduced. This downfield-NOE-suppressed CEST
contrast, called dnsAREX, is defined as:
dnsAREX(3.5ppm) = AREX(3.5ppm)− rrNOE ·AREX(−3.5ppm)
In the previous section the rNOE ratio was determined to be rrNOE = 0.11− 0.28. In the following part, this
ratio is set to rrNOE = 0.2. An analysis showing the influence of minimal variation of rrNOE = 0.2± 0.1 on the
dnsAREX contrast is provided in figure 5.40. The dnsAREX method is applied retrospectively to the patient
collective described in section 4.4.1.
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5.7.1 Application of the dnsAREX contrast to human glioblastoma patients
Figure 5.36 shows conventional gadolinium contrast-enhanced T1-weighted MR images of one 69-year-old male
patient with newly-diagnosed, histologically-proven glioblastoma acquired at 3 T together with the co-registered
CEST images acquired one day later at 7 T. The tumor is located on the right side of the images, identified
best on the gdce-T1 image where it is seen as a bright spot. The same structure is significantly enhanced in the
dnsAREX(3.5 ppm) image. The superposition of gdce-T1 and dnsAREX shows that the two contrasts strongly
correlate. The area of the tumor cannot be identified in the AREX(3.5 ppm) or the AREX(−3.5 ppm) images.
Figure 5.36: The overlay (b) of the gdce-T1 image (a) and the dnsAREX image (c) shows the
good correlation of the two contrasts. Both contrasts show the active tumor region as areas
of increased intensity and allows differentiation between tumor and healthy tissue. This is not
possible on the AREX(3.5 ppm) (d) or AREX(-3.5 ppm) (e) images.
The clear distinction of tumor tissue from healthy brain tissue in dnsAREX is confirmed by an ROI-averaged
analysis, performed for all patients of the study presented in section 5.5 (Fig. 5.37). The novel dnsAREX(3.5
ppm) signal shows a significant difference between tumor, normal-appearing gray brain matter (nGM), and nor-
mal appearing white brain matter (nWM). For both presented AREX signals, the difference between either nGM
or nWM is insignificant. Moreover, the signal difference is even more distinct in dnsAREX than in MTRasym,
with the latter showing only a marginal difference between nGM and tumor tissue.
Figure 5.37: ROI-averaged values of the patients of the high-grade glioma study (presented in
section 5.5) for the downfield-rNOE-suppressed dnsAREX (3.5ppm) signal (a), the relaxation-
compensated CEST contrasts AREX(3.5 ppm) (b) and AREX(−3.5 ppm) (c) and the the
MTRasym(3.5 ppm) signal in ROIs within gadolinium contrast enhancement (gdce), normal-
appearing gray brain matter (nGM), and normal-appearing white brain matter (nWM).
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h
Figure 5.38: Retrospec-
tive evaluation of four
glioblastoma patients (one
patient per row) of the pa-
tient collective (see section
5.5). First column: gdce-
T1-weighted image, right
column: dnsAREX(3.5ppm)
contrast, center column:
fusion of both images.
Note the good spatial cor-
relation of the gdce-T1
ring-enhancement and the
downfield-NOE-suppressed
AREX signal.
In some cases, as illustrated in figure 5.38(e,k), the overlay of gdce-T1 and dnsAREX shows only partial overlap
of structures indicating that dnsAREX could be used to identify more aggressive parts of the tumor. In most
cases, the tumor appears larger in the dnsAREX images than in the gdce-T1 images. This could indicate tumor
infiltration and its potential visualization.
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5.7.2 Apparent correlation of dnsAREX and ADC
Figure 5.39 illustrates more distinct cases, with strong dnsAREX signal in an area with only diffuse, or insignifi-
cant uptake of contrast agent (marked with pink arrows). These areas also show a decrease in ADC, indicating a
high cell density of this tissue.
T2-FLAIR images show hyper intensities in these regions, which should reduce the relative pool fraction fs there-
fore also reducing the AREX signal. This indicates an actual increase of the concentration of mobile proteins, or
an increase of pH, rather than an apparent increase in concentration due to decreased water content.
In contrast to MTRasym which shows high signal intensity in the necrotic inner part of the tumor (Fig. 5.25),
dnsAREX does not show such an enhancement. Hence, dnsAREX presents a unique and promising intrinsic
tumor contrast that may provide additional information regarding tumor infiltration and malignancy.
Figure 5.39: Images of three glioblastoma patients from the study. First column gdce-T1
weighted images (a,d,h), center column: dnsAREX(3.5ppm) contrast (b,f,i), and right column:
ADC (c,g,j) images. Again, structures in dnsAREX resemble the structures seen in gdce-T1 im-
ages. Of interest, in some regions (pink arrows) ADC and dnsAREX show negative correlation
which suggests a positive correlation for dnsAREX with cellularity.
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5.7.3 Variation of rNOE ratio
To show that the exact value of the rNOE ratio is not crucial for the observed contrast features, the dnsAREX
contrast was also calculated for the NOE ratios rrNOE = 0.1 and rrNOE = 0.3 in addition to the determined value
rrNOE = 0.2. Figure 5.40 shows that independent of these fluctuations, the principle features of dnsAREX with
rrNOE = 0.2 is visible in all images. However, the tumor contrast seems to improve towards higher rrNOEthe
GM/WM contrast also increases.
Figure 5.40: Variation of dnsAREX for
different rrNOE= 0.1, 0.2, and 0.3 in 5 pa-
tients of the patient collective (see 5.5).
The principle feature – showing similar
structures as the gdce-T1 images (com-
pare figures 5.36 and 5.39) – is visible in
all images.
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5.7.4 Correlation of dnsAREX and AREX with ADC and gdce-T1
A pixel-wise correlation over the whole collective of the contrasts dnsAREX and AREX(3.5ppm) with ADC
and gdce-T1 maps was performed within a larger ROI containing the tumor area (Fig. 5.41). In comparison
to AREX(3.5 ppm), which shows a relatively strong negative correlation with the ADC, the correlation is much
weaker between dnsAREX(3.5 ppm) and the ADC. On the other hand the correlation with gdce-T1 is stronger
for dnsAREX than for AREX. However, no clear separation of tissue types is possible based on this correlation
analysis.
Figure 5.41: While AREX shows a negative correlation with ADC (a), AREX shows only a very
weak positive correlation with gdce-T1 (b). dnsAREX shows a weak negative correlation with
ADC (c), but dnsAREX shows a stronger positive correlation with gdce-T1 (d) than AREX. The
removal of the downfield rNOE by dnsAREX seems to decrease the correlation with ADC and
increase the correlation with gdce-T1.
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5.8 CEST in low-grade brain tumors
As mentioned in section 4.4.1, the patient study also included a patient diagnosed with a low-grade glioma. In
contrast to glioblastoma multiforme, less malignant and less aggressive tumors usually have no uptake of contrast
agent since the blood-brain barrier remains intact. There are multiple types of low-grade gliomas and the results
of this section cannot be generalized to all low-grade gliomas. Figure 5.42 presents the specific case of a 49-
year-old female patient with oligodendroglioma WHO grade II. Oligodendrogliomas grow slowly and patients
have a median survival time of 11.6 years. The tumor is best visible in the T2-FLAIR image (a) which enhances
prolonged T2 times that do not originate from fluids. Since there is no contrast agent uptake, the tumor is only
barely visible in the gdce-T1 image (b). The CEST images of MTC (e) and AREX( −3.5 ppm) (f) show a signal
reduction in the tumor area, as also observed for glioblastomas. However, the AREX(3.5 ppm) image also shows
a signal reduction in the tumor area. This is contrary to the observation in glioblastomas where the AREX(3.5
ppm) images showed iso- or hyperintensities in the tumor region. As a result of this hypointensity in AREX(3.5
ppm) the dnsAREX image shows no hyperintensities in the tumor region in contrast to the glioblastoma cases.
The enhancement of the tumor in the MTRasym(3.5 ppm) image can be explained by the stronger reduction of the
aliphatic rNOE compared to the reduction in the amide signal.
Thus, dnsAREX again shows similarity with gdce-T1 as the contrast is absent in low-grade tumors which ex-
hibit no contrast enhancement from gadolinium uptake. As conventional tumor staging is performed on the basis
of the gadolinium contrast-enhanced images, the novel CEST contrast dnsAREX may render tumor staging pos-
sible, without the need of administration of substances. This is highly desireable as such substances can not only
cause allergic reactions, but are suspected to accumulate in the brain after multiple administrations [68].
Figure 5.42: Conventional MR images and CEST images of a 49-year-old female patient with
oligodendroglioma WHO grade II. The T2-FLAIR (a) and gdce-T1 (b) images were acquired at
3 T on the same day as the 7 T CEST tumor protocol. The tumor is marked with an arrow in the
T2-Flair (a) image.
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5.9 Transfer rate edited CEST
The focus of this section is the separation of the CE and rNOE effect at 3.5 ppm based on their different exchange
rates by using the transfer rate edited (TRE) pulse scheme described in section 4.2.1. The exchange rate of the
downfield rNOE is estimated to be kex ≤ 5Hz [112] whereas the exchange rate of the CE of amide protons is
kex ≈ 30− 300Hz [103, 51]. Hence a filtering of the downfield rNOE effects should, in principle, be possible
with TRE CEST.
5.9.1 Binomial pulse type
Figure 5.43 shows that all binomial pulse types perform similar in vivo, substantially reducing the AREX signal
aliphatic rNOE. However, the downfield side of the Z-spectrum remains nearly unaffected by TRE CEST. All
Z-spectra with TRE CEST have lower values even far off-resonant due to the additional saturation of the bino-
mial pulse blocks. The apparent reduction of the amide proton effect is compensated by the spillover and MT
correction of the inverse metric and only a small reduction of the AREX(3.5 ppm) signal remains.
Figure 5.43: Averaged Z-spectra (a) and AREX-spectra (b) of a ROI in WM of a healthy vol-
unteer at 7 T for different types of binomial pulse blocks. Parameters: tsat = 3.25s, tp = 15ms,
DC= 60%, Nbinom = 75, τbinom = 480µs, Trec = 1.25s, and TM0,rec = 12s.
5.9.2 Number of binomial pulse blocks
The number of binomial pulse blocks used during the saturation block was varied. For this work, the [1 −2 1]
pulse block was used as it represents the simplest implementation. As expected from simulations (Fig. 4.7), a
decay of the AREX(−3.5 ppm) signal with increasing number of binomial pulse blocks Nbinom can be observed
as shown in figure 5.44. However, the decay is more linear than expected for both GM and WM. Moreover, the
remaining AREX(−3.5 ppm) signal for Nbinom = 60 is still >50% for GM and >60% for WM compared to the
signal without binomial pulses. The AREX(3.5 ppm) signal reduces in GM but remains unchanged in WM, in
contrast to the MTRLD(3.5 ppm) signal, which decreases in both tissue types. The stability of the AREX(3.5 ppm)
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signal is unexpected, as the signal of the aromatic rNOE should decrease with an increasing number of binomial
pulse blocks. Additional effects at ±2.5 ppm appear in the AREX spectra of GM. The symmetry suggests that
these are not real CEST effects but rather artifacts induced by the binomial pulses, which depend on the binomial
pulse duration and the pulse delay. These artifacts do not occur in WM indicating a suppression of the artifact
with faster water relaxation.
Figure 5.44: Z-spectra (a,b), MTRLD-spectra (b,d), and AREX-spectra (e,f) in GM (a,c,f) and
WM (b,d,f) of a healthy volunteer as a function of the number of [1−2 1]-binomial pulse blocks
Nbinom in TRE CEST. The relative reduction of the AREX(−3.5 ppm) signal for both GM and
WM as a function of (g) shows a remaining signal of high intensity even for Nbinom = 60. Pa-
rameters: tsat = 3s, tp = 15ms, DC= 60%, τbinom = 500µs, Trec = 2s, and TM0,rec = 12s.
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Chapter 6
Discussion
In this work, a reduction of tumor contrast for the amide proton CE with spillover and ssMT corrections, and a
further reduction upon T1-correction was observed in human glioblastoma patients. By contrast, an increase of
tumor contrast for the aliphatic rNOE was observed applying these corrections. The following section is intended
to put these results in context with results from other studies.
A significant enhancement of the amide proton CE in the tumor tissue compared to edema and contralateral,
normal-appearing WM has been observed in multiple studies [98, 119, 120] using MTRasym(3.5 ppm) evaluation.
In these studies, short presaturation (tsat = 500ms) at high saturation power (B1 = 3−4µT) was used. Moreover,
Zhou et al. [120] showed that MTRasym(3.5 ppm) significantly increases with tumor grade. As these studies, were
performed at 3 T, no separation of individual CEST effects, or correction for ssMT was possible.
The first CEST study with a tumor patient at 7 T was performed by Jones et al. [34]. A 2-pool Lorentzian fit model
(see section 4.3.3) was used to fit the direct water and ssMT contributions. Isolation of CEST effects was enabled
by a lower saturation power and the higher magnetic field strength. In the brain tumor patient (WHO grade III
astrocytoma) in their study, a reduction of both MTRLD(3.5 ppm) of the amide proton and of MTRLD(−3.5 ppm)
of the aliphatic rNOE effect in the tumor relative to contralateral, normal-appearing WM was observed, which is
in agreement with the findings in this work for the low-grade glioma patient.
A larger number of patients with different tumor grades were part of a very recent study by Heo et al. [27], also
applying low saturation powers at 7 T. They observed a reduction of MTRLD(-3.5 ppm) and an insignificant re-
duction of MTRLD(3.5 ppm) for the tumor in all patients. However, this study was performed using an interleaved
approach for saturation and image readout, which enables a faster acquisition of large volumes but results in a
reduced effect size of the amide proton signal [39]. No significant increase of MTRasym(3.5 ppm) with tumor
grade was observed in the study, which was considered to be due to the larger influence of the aliphatic rNOE to
the MTRasym(3.5 ppm) signal at low saturation powers.
The 5-pool Lorentzian fit model used here was also applied in a study on the limbs of rats using a 7 T animal
scanner [10] where it also proved to be a fast and robust method for the separation of CEST effects.
Another method for the separation of direct water saturation and ssMT from the effects of amide proton CE and
aliphatic rNOE is the variable delay multipulse (VDMP) approach of Xu et al. [103]. This method does not re-
quire the acquisition of a full Z-spectrum, but rather the repeated acquisition at the appropriate frequency offset
with varying interpulse delays td . As a result, a more rapid acquisition of CEST data is possible. Their findings in
volunteers are in agreement with the results presented in this work for the MTRLD contrasts, as they also observed
a strong GM/WM contrast for MTRLD(3.5 ppm) images and a quite homogeneous signal in MTRLD(−3.5 ppm)
images. However, VDMP suffers from more noise than conventional CEST [105].
Although these methods allow an isolation of CEST effects from direct water saturation and ssMT, the dilution
of CEST signals caused by these effects was disregarded. Furthermore, the influence of T1 on the CEST signal
was not considered.
One approach to obtain CEST signals independent of spillover, ssMT, and the T1 of water is chemical exchange
rotation transfer CERT (see section 3.3) [125]. In a study on 9 L glioma rats at 9.4 T, Zu et al. [128] discovered
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a much smaller increase in the amide proton signal in the tumor for the CERT signal than for MTRasym. The
reduction of the contrast was considered to be due to the higher specificity of CERT and the remaining influ-
ences of MTC asymmetry in the MTRasym(3.5 ppm) signal. This is in agreement with the results obtained in
this work as we only observed an insignificant increase of the AREX(3.5 ppm) signal in the tumor compared to
normal-appearing WM. However, contrary to the results in this work, Zu et al. [128] observed no reduction of the
aliphatic rNOE signal in the tumor.
The inverse metric and the T1 compensation yielding the quantitative apparent-exchange dependent relaxation
rate AREX were first applied in vivo to rats with acute stroke [114]. Before that, Sun et al. [87] observed that a
MTCasym-corrected amide proton contrast presented a stronger contrast than MTRasym(3.5 ppm) between stroke
and contralateral tissue. Zaiss et al. [114] showed that both MTRRex(3.5 ppm) and AREX(3.5 ppm) presented a
stronger contrast between stroke and contralateral, healthy tissue than MTRLD(3.5 ppm). Xu et al. [104] were
the first to apply the inverse metric to the CEST data from glioma rats using the TPM (see section 4.3.3). They
observed a significant increase of MTRasym(3.5 ppm) and MTRLD(3.5 ppm) in the tumor area. In agreement
with the results here, they described a reduction of the tumor contrast upon application of the inverse metric in
MTRRex(3.5 ppm) maps compared to MTRasym(3.5 ppm) or MTRLD(3.5 ppm). Also in AREX(3.5 ppm) maps, the
tumor contrast disappeared almost completely. No difference between tumor and normal-appearing WM could
be observed in MTRLD(−3.5 ppm), however the contrast became stronger after the inverse metric was applied.
These studies neglected the influence of B1 inhomogeneities since spillover and B1 influences can cancel each
other out in MTRLD (see section 5.2). Furthermore, B1 inhomogeneity is much more severe in human scan-
ners than in animal scanners. This study was the first to apply the relaxation-compensated AREX evaluation in
a study of human brain tumor patients. As in the study of Xu et al. [104] in rats, the AREX(3.5 ppm) signal
of amide protons showed no significant signal change in the tumor area. This was also confirmed in another
study by Khlebnikov et al. [40] who used TPM to isolate the CEST effect. However, here it was also shown that
AREX(3.5 ppm) hinted at some interesting features in selected patients. Consistent with the results of Xu et al.
[104] is the observation of an increasing tumor contrast of the aliphatic rNOE upon the application of the inverse
metric and T1 compensation.
In addition, a downfield NOE contribution to the amide signal was quantified in experiments with tissue samples
from pig brains. This contribution was first identified by Jin and Kim [31] in model solutions. A subsequent
correction for this effect yielded CEST images that show similar structures as conventional MR images using a
gadolinium-based contrast agent. The estimation of the exchange rates of the amide and amine protons in the
tissue homogenate is in good agreement with the results from other groups [51, 122]. A separation of the effects
with TRE CEST, which previously has only been applied to protein solutions [18], was not yet possible.
Altogether, it could be shown that quantitative CEST MRI in vivo at 7T is feasible in the human brain if
Lorentzian isolation, relaxation, and B1correction is employed. The resulting dnsAREX contrast seems promis-
ing in its ability to provide additional information for tumor diagnosis.
6.1 B1 correction
Since the contrast-B1-correction performs better in terms of reducing the B1 influence than the Z-B1-correction
(Fig. 5.18) it was used for the evaluation of all patient data. The Z-B1-correction implies the benefit that all
further evaluations including ROI evaluations, Lorentzian-fitting, etc. can be performed on one B1-corrected
dataset. Hence, Z-B1-correction is recommended for experiments on model solutions, which are less limited in
measurement time thereby allowing the acquisition of more B1 values. The B1 correction method for MTRasym
introduced by Singh et al. [78] is based on a calibration approach. Since different tissue types have different
B1 dependencies as shown for WM and GM in figure 5.11, a segmentation of the tissues would be necessary
for a valid B1 correction. As the tumor infiltration is unknown and its visualization is one of the main goals of
CEST imaging, a calibration approach seems unsuitable for tumor imaging. Besides, the calibration of the B1
dependency in the tumor is difficult due to the required measurement time and tumor heterogeneity.
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Due to the generality and the overall good performance of the smoothing spline, the following B1-corrections are
the final recommendations:
• the n-point Z-B1-correction and
• the n-point contrast-B1-correction
which both use linear interpolation for n = 1 and smoothing-spline interpolation for n > 1. B1 values should
be distributed such that only minor extrapolation is used when evaluating the data at the chosen B1. If data with
more than two B1 is acquired, the acquisition of higher B1 values is more important compared to lower B1 values
since the dependency of MTRRex on B1 is more linear for smaller B1. Prior knowledge is employed by assuming
Z = 1 for B1 = 0µT or MT RRex = 0 for B1 = 0µT to minimize extrapolation errors. The contrast-B1-correction
performs better for less than three acquired B1 values, due to a better guess at B1 = 0µT. Apart from local B1
inhomogeneities, the method also provides correction of B1 variations across measurements allowing better re-
producibility within patient studies with CEST.
Recently, the described B1 correction method has been applied successfully in a study on the creatine content in
the human calf muscle [69] and for dynamic glucose enhancement imaging in the human brain [76].
6.2 Optimization of measurement parameters for CEST in the human
brain at 7 T
Simultaneous B0 and B1 mapping
With the WASABI method, a simultaneous mapping of the 1H resonance frequency shift and the B1 field distri-
bution is possible. Since both are needed for the post-processing of CEST data at 7 T the measurement time was
able to be reduced, while at the same time the stability of the B1 mapping was improved [77].
Pulse duration, B1 amplitude, and B1 correction
In accordance to simulations (Fig. 3.8), pulsed saturation with shorter pulses performed better than with longer
pulses (Fig. 5.1). Originally the 180◦ inversion of the 15 ms Gaussian-shaped saturation pulse at B1 = 0.8µT
was planned to be evaluated, but SAR limitations of the MRI scanner did not allow a selection of a nominal
B1 > 0.9µT in some patients. Besides, no significant difference of the CEST contrast was observed which is in
accordance with the B1 dispersion measured in the healthy volunteer (Figs. 5.10 and 5.11). This overall small
influence of rotation effects, also observed by Zu et al. [128], support the choice of B1.
The number of B1 acquisitions is the most critical factor for the total acquisition time since it means a repetition
of the complete CEST experiment. As described in section 5.4.2, the acquisition of two B1 samples yields suffi-
cient B1 correction with acceptable additional scan time and extrapolation is only necessary in areas of extreme
B1 deviations. The linear dependency of MTRRex , and hence AREX on B1 for B1 < 0.6µT (Fig. 5.11) was the
reason to choose B1 = 0.6µT and B1 = 0.9µT as sampling points for the evaluation at B1 = 0.6µT, in the patient
study. Besides, the acquisition of multiple CEST datasets smooths the data and yields better SNR. Overall, the
compromise of acquiring CEST data with two different B1s is sufficient to gain quantitative CEST data with
homogeneous B1.
Saturation time
Since the saturation block is repeated for each offset frequency, the variation of tsat yields a corresponding mod-
ification of the overall measurement time. For the patient study, we compromised with tsat = 3.75s representing
the lower limit to reach the steady state in the Z-spectrum (Fig. 5.2). Under these conditions, the water mag-
netization has enough time to recover between two image readouts, which is also verified by the equality of far
off-resonant points in the Z-spectrum on the left and right sides, when no M0interpolation was performed (see
Fig. 4.8). Concerning the inverse metric, there is no problem for small deviations from the steady state. Zaiss
et al. [114] showed that the AREX evaluation remains appropriate down to tsat ≈ T 1 .
77
CHAPTER 6. DISCUSSION
Number of frequency offsets
To guarantee a consistent fit with the 5-pool Lorentzian fit model, 65 frequency offsets were used in the patient
study. In comparison to other studies that used a higher number of saturation offsets [10, 35], we were able to
reduce this number by sampling the ssMT and the water resonance more sparsely. As described in section 5.5.7
the TPM achieves similar results as the Lorentzian fitting, but has the potential to heavily reduce the number
of frequency offsets. In general, a reduction of frequency offsets upfield of the Z-spectrum (Fig. 5.29a) is rec-
ommended as the effect of the aliphatic rNOE is quite broad. If required, subsequent MTRasym analysis can be
performed by interpolation along the frequency offsets in the Z-spectrum.
Image acquisition
Image acquisition has considerable potential to further increase the SNR of each acquired MR image or the total
measurement volume. There are many techniques that allow faster sampling of k-space, for example, echo planar
imaging (EPI) [83] or balanced steady-state free precession (bSSFP) techniques [1], that still have to be adapted
to be applied at 7 T. Also advanced reconstruction techniques, for example, compressed sensing [28, 55], can
potentially improve the acquisition speed. In this work it was shown that the step from a single slice to the ac-
quisition of three slices in an interleaved fashion only marginally affects the Z-spectrum for slow to intermediate
exchange (see section 5.1.2). By choosing only small inter slice gaps, elementary motion correction is possible.
In comparison to an interleaved approach of saturation and imaging as described by Khlebnikov et al. [40], the
separated approach used in this work yields higher effects for both the amide and the aliphatic rNOE signals and
hence a better CEST imaging contrast. Yet, for validation of CEST with samples of stereotactic biopsy and for
improved motion correction, a larger measurement volume is desirable.
6.3 Contributions to MTRasym
Since the MTRasym evaluation is broadly applied to data from in vivo CEST measurements [27, 36, 90, 122], an
analysis of the contributing effects is desirable. With the 5-pool Lorentzian fit it was possible to quantify the
individual contributions to MTRasym(3.5 ppm) in brain tumor patients. Assuming that the direct water saturation
is symmetric, MTRasym can be calculated from MTRLD(3.5 ppm), MTRLD(−3.5 ppm), and MTCasym(3.5 ppm).
Table 6.1 presents this analysis based on the averaged values of all patients.).
MTRasym(3.5 ppm) = MTRLD(3.5 ppm) −MTRLD(−3.5 ppm) MTCasym(3.5 ppm)
MTRnormalasym (3.5 ppm) ≈ 0.042 −0.144 −0.018 = −0.100
MTRtumorasym (3.5 ppm) ≈ 0.062 −0.102 −0.040 = −0.055
∆MTRasym(normal−tumor) ≈ 0.020 −0.042 −0.014 = −0.045
Table 6.1: Contributions to MTRasym . Data is obtained from the patient study presented in
section 5.5.
Hence, for the saturation scheme used in this work, the aliphatic rNOE has the strongest contribution to the
MTRasym signal and also to the contrast between tumor and normal-appearing WM. In contrast to the results of
Scheidegger et al. [73] that identified the MTCasym as the main contribution, the results of the present work are in
agreement with other studies [65, 121] that also observed a dominant aliphatic rNOE weighting at low saturation
power. However, the contribution of MTCasym is comparable to the contribution of the amide proton CE effect
MTRLD(3.5 ppm). As the aliphatic rNOE exhibits slow exchange, higher saturation amplitudes increase the rela-
tive contribution of the amide proton CE effect to the MTRasym signal as it possesses a faster exchange rate than
the rNOE.
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Figure 6.1: Conventional and CEST MRI contrasts of a patient with glioblastoma multi-
forme measured according to the tumor patient protocol described in section 5.5. Contrary
to dnsAREX(3.5 ppm) and MTRLD(3.5 ppm), the T1-corrected MTRasym fails to differentiate
tumor, necrosis, and edema.
In a way, the MTRasym(3.5ppm) = Z(-3.5ppm)− Z(3.5ppm) approach is quite similar to the dnsAREX =
AREX(3.5ppm)− 0.2 ·AREX(-3.5ppm) approach since there is also a subtraction of the aliphatic rNOE at
−3.5ppm from the amide signal at 3.5ppm. Therefore a simple division of MTRasym(3.5 ppm) by T1 may lead
to a contrast similar to dnsAREX(3.5 ppm) that would enable a fast access to this contrast without the need of so-
phisticated evaluation techniques. However, figure 6.1 shows that this is not the case. In contrast to the dnsAREX
images of the same patient, edema and necrosis can not be separated from the tumor gdce area in the MTRasym/T1
image.
6.4 Accuracy of the rNOE ratio and dnsAREX
Although the rNOE ratio rrNOE is systematically underestimated and varies between WM and GM, this has no
major effect on the dnsAREX contrast. Both experiments examining the effect of tissue integrity on the AREX
spectra showed a reduction of the downfield signal after homogenization (Fig. 5.29). Besides, the AREX-spectra
at different time points (Fig. 5.31) showed an increase of the upfield signal and a reduction of the downfield
signal. Additionally, the increase of AREX(3.5 ppm) with pH in WM homogenate seems to be rather linear
and not exponential. A reason for the latter may be a small variation in the Lorentzian fit, indicated by a signal
offset at 4−6 ppm. All effects lead to an underestimation of the rrNOE in the experiments with tissue homogenate.
As described in section 5.7.3, a small variation in rrNOE has no significant influence on the dnsAREX contrast,
however a trend towards a better tumor contrast with increasing rrNOE is observable.
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A difference in rrNOE between GM and WM should lead to a GM weighting of the dnsAREX contrast and hence a
GM/WM contrast. Since this is not observable in the dnsAREX images, the difference of rrNOE between WM and
GM is negligible. Although an underestimation of the rrNOE of WM homogenate is probable, a small difference
between the rNOE ratios of WM and GM remains. Hence the contrast in the dnsAREX images cannot be solely
identified as an increased CE effect of amide protons and it is unclear if the amide proton CE effect or the rNOE
ratio changes in the tumor.
The similarity of AREX(3.5 ppm) images calculated using either the TPM or the 5-pool Lorentzian fit model
(Fig. 5.5.7), and hence the discrepancy between AREX(3.5 ppm) using TPM and dnsAREX(3.5 ppm) may be
explained by the downfield rNOE being more narrow than the distance of the reference points of the TPM. As the
TPM assumes the downfield rNOE to be flat between the reference points, the estimation deteriorates the more
selective the rNOE is.
Also, the results of the TRE CEST experiment, showing no reduction of the downfield AREX(3.5 ppm) signal
of WM with increasing number of binomial pulse blocks (Fig. 5.44), seem to contradict the assumption of a
downfield rNOE. However, it was shown by Goerke [19] that the exchange rate of the downfield rNOE is higher
than that of the upfield rNOE, thereby reducing the effect of TRE-CEST for the downfield signal. Also, more than
60% of the upfield rNOE with an exchange rate of ksw < 5Hz remain after saturation with Nbinom = 60 binomial
pulse blocks (Fig. 5.44) many more than expected from simulation (Fig. 4.7). Additionally, a signal at ±2.5 ppm
appears in TRE CEST in the GM ROI. The symmetrical occurrence in the Z-spectrum indicates that this is rather
an artifact than an actual CEST signal. Although the artifact seems to be suppressed in WM, still a small increase
at 2 ppm is still observable. This artifact could also influence the effects at 3.5 ppm. To understand the interplay
of the saturation pulses, the binomial pulse blocks, and the CEST parameters, further studies are necessary.
The similar contrasts of MTRLD(3.5 ppm) and dnsAREX(3.5 ppm) in figure 6.1 implies a partial, inherent correc-
tion of MTRLD. The spillover, ssMT, and T1 correction of AREX and the additional correction for the underlying
downfield rNOE cancel each other out in part, resulting in a similar contrast as the uncorrected MTRLD. As the
spillover and ssMT correction of the inverse metric have less effect than the T1 correction, the correlation of the
aliphatic rNOE signal and R1 of water as illustrated in figure 6.2 may explain this similarity. As the contrast of
MTRLD has complex dependencies on the T1 and T2 of water, a definitive statement based on this data is not
possible.
Figure 6.2: Correlation of the aliphatic rNOE signal
AREX(−3.5 ppm) and water R1 relaxation rate for
all patients.
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6.5 Origins of tumor contrast in quantitative CEST images
Effect of pH on the dnsAREX contrast in vivo
The increase of intracellular pH may have a major contribution to the elevated dnsAREX(3.5 ppm) signal in the
tumor, but it is probably not the only contributor.
The CE effect at 3.5 ppm that is separated from the downfield rNOE contribution by dnsAREX is attributed to the
amide protons of peptide bonds [121]. As the intracellular concentration of mobile proteins exceeds the extracel-
lular concentration by far≈ 80% versus≈ 2%, respectively [95], any contribution from extracellular components
can be neglected. In the context of tumors, often acidification, a decrease of pH, is mentioned [16, 56]. However,
this refers to the extracellular pH, denoted as pHe, in contrast to the intracellular pHi. Studies with phosphorous
MR spectroscopy [64] showed that the pHi is actually increased in human brain tumors as shown in table 6.3a.
In that study, Oberhaensli et al. stated that “none [of the brain tumors] had a [intracellular] pH below that of
normal brain” [64, p. 10]. To approximate the change of dnsAREX(3.5 ppm) in vivo as a function of pHi the
dnsAREX(3.5 ppm) of tissue homogenate of GM from pig brain (see section 5.6.3) was applied with rrNOE=
0.31. An elevated pHi of 7.27, as observed in a recurrent astrocytoma WHO grade II in comparison to a pHi
of 7.03 in healthy tissue, leads to an increase of the dnsAREX(3.5 ppm) signal by 24% as illustrated in figure
6.3b. The dnsAREX(3.5 ppm) signal is elevated by ≈ 50% in the tumor of glioblastoma patients compared to
normal-appearing GM (see Fig. 5.37), which would translate to a pHi = 7.52. This implies an increase of the
intracellular pH in tumor cells twice as high as the maximum increase observed by Oberhaensli et al. [64]. Other
studies ascribe greater stability to the tumor pHi ≈ 7.0− 7.2 [117]. Additionally, Goerke et al. [21] observed that
the CE of unfolded proteins is more sensitive to variations in pH. Thus, the contrast could be weighted by the pHi
and the protein folding state. Yet, the approximation showed that a variation of pHi in a range that is realistic for
pathological changes is not negligible in the dnsAREX contrast.
However, based on the current data this is very speculative. For a deeper understanding of the origins of the
contrast, a separation of exchange rate ksw and solute pool concentration fs would be necessary. This can be
realized by techniques utilizing the dispersion of a CEST effect with B1 [14, 58, 85, 111]. So far none of these
techniques have been applied in vivo.
Influence of protein concentration and water content on the CEST signal
A change in the protein concentration also affects the dnsAREX image contrast. An elevation of the cytosolic
protein concentration by ≈ 40% was observed in 9L gliosarcomas in rats [106]. However, other studies found a
lower protein content in glioblastoma compared to healthy tissue, yet a higher nucleic acid content [38]. Further-
more the contribution of any protein is difficult to estimate because only sufficiently mobile proteins contribute
to the CEST signal. Another very important point is that only the relative solute concentration is crucial, hence
the water content of a volume also influences the CEST signal. Figure 5.39 illustrates that although T2-FLAIR is
assumed to correlate with interstitial water content in the tissue [23], dnsAREX actually shows a hyperintensity
in the hypointense area of the T2-FLAIR image in two patients.
Aliphatic rNOE and myelination
The similarity of AREX(−3.5 ppm) for the aliphatic rNOE and the MTC were expected since Jones et al. [34]
showed that aliphatic rNOE signals correlate with the macromolecular background of MR spectroscopy mea-
surements. The GM-WM contrast might also be influenced by the different water content [62]. The decrease of
MTC and aliphatic rNOE signal in edema, necrosis, and the tumor area have also been observed in other studies
[45, 47, 73]. Lemaire et al. argue that the reduction of the MTC in tumor tissue is “due to a less efficient magne-
tization transfer which can be explained by the absence of myelin in the tumour” [47, p. 122]. From a theoretical
point of view, the myelin layers surrounding the axons of the neurons should indeed contribute to the MTC but
not to the aliphatic rNOE since the myelin layers are immobilized. Nevertheless, Mougin et al. [61] found a cor-
relation of myelination and the aliphatic rNOE. As rNOE signals also decrease under protein unfolding [21, 110],
the abundance of misfolded proteins in the tumor region may also contribute to the contrast.
Origin of the CEST effect at 2 ppm
The origin of CEST effect at ∆ω ≈ 2ppm in the Z-spectra of the human brain is not yet understood. Although
several studies assigned this peak to amine protons [10, 108], more recent studies suggest that actually guani-
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Figure 6.3: Table listing the intracellular pHs of different kinds of brain tumors measured with
phosphorous MRS at 1.9 T, reproduced with permission from Oberhaensli et al. [64] (a). The
dnsAREX(3.5 ppm) signal of GM tissue homogenate (see section 5.6.3) as a function of pH
(b). The black line indicates the pHi of healthy tissue, the red line indicates the highest tumor
pHi as listed in (a), whereas the blue line indicates the relative signal gain expected from the
measurements in tumor patients from the present study.
dinium protons are the source of this CEST effect. It was shown that the guanidinium protons of creatine exhibit
a CEST effect at ∆ω = 1.8− 2.0ppm [20]. Cai et al. [5] showed a correlation of the CEST effect with creatine
concentration in rat brain. However, this CEST effect is also visible in proteins. In studies on BSA it was as-
signed to the guanidinium protons of the amino acid arginine [21]. The low saturation power used in this study
prevented a more detailed analysis of the this effect.
6.6 Ratiometric approach for pH quantification – an outlook
For valid pH determination, ksw and fs have to be separated. Desmond and Stanisz [11] introduced a so called "ra-
tiometric" approach utilizing the ratio of amide peak to amine peak to cancel out fs, assuming both originate from
different exchange sites on the same proteins. The measurements on the tissue homogenate enabled verification
this idea experimentally and to estimate the specificity of the method. For a downfield-NOE-suppressed amine
proton signal, the rNOE contribution at 2.0 ppm was estimated using linear interpolation with reference points
1.5 ppm and 2.5 ppm in the AREX spectrum at pH = 7.1 as for the amide peaks (in WM the AREX spectrum of
pH = 7.6 was used).
amide-to-amine ratio =
dnsAREX(3.5ppm)
dnsAREX(2.0ppm)
(6.1)
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Figure 6.4: Downfield-NOE-corrected AREX signals of amide ∆ω = 3.5ppm and amine
∆ω = 2.0ppm protons as a function of pH (a). For pH > 6.5 the amide-to-amine ratio steadily
increases with pH (b). The pH values of GM and WM determined with the amide-to-amine ratio
overlap well for pH ≈ 7 and show good specificity in this regime (c).
Figure 6.4a shows the course of the dnsAREX signals of the amide and amine effects in GM as a function of pH
(the error is estimated by the standard error of the average AREX value). The variation of the amine-amide ratio
is shown in figure 6.4b. For a better estimation of high and low pH values, the saturation amplitude should be
reduced, as amine protons are labeled even less efficiently leading to a continuous decrease of the amine signal
and the full saturation of amide protons is not reached even at high pH.
The amide-amine ratio shows good specificity of ±0.15 pH units in the pH range that is expected in vivo. The
ratios of GM and WM match well for low pH, while for higher pH there seems to be a difference, which is however
only based on one data point in WM. Hence, intracellular pH quantification is, in principle, possible with CEST
showing the best specificity at pH≈ 7. However the low amine peak in vivo compared to the homogenate requires
further investigation (see section 5.6.5).
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Chapter 7
Summary
The purpose of this thesis was the isolation of unbiased quantitative CEST effects in patients with brain tumors
at 7 T during the course of a clinical study. This required the adaption of the CEST sequence in order to optimize
the CEST contrast in the human brain for measurements on the 7T whole-body MR tomograph. It was shown
that partially overlapping CEST effect could be separated using a 5-pool Lorentzian fit model with highly sam-
pled Z-spectra at 7 T. The next step towards CEST images invariant to B1 inhomogeneities, was to improve the
existing B1mapping method. The implementation of a lookup-table for start parameters enabled the use of the
water shift and B1 mapping (WASABI) method in vivo.
A major part of the thesis was to correct for the B1 inhomogeneities apparent in all ultra high-field whole body
tomographs. For this purpose, a universal method using interpolation or fitting of multiple measurements at dif-
ferent B1was developed. In this context, the B1 dispersion of in vivo CEST effects was investigated and a linear
dependency of the effect for B1< 0.6µT was observed. Two methods for B1 correction were compared, one
based on the correction of Z-values with subsequent Lorentzian fitting dubbed “Z-B1-correction”, and another
with prior Lorentzian fitting, spillover and ssMT correction and subsequent B1correction, dubbed “contrast-B1-
correction”. Since the latter performed better for CEST measurements of the human brain and required only two
B1 values, it was applied in the present patient study.
In this work, the results of a clinical study with 12 patients are presented: eleven patients were diagnosed with
high-grade (WHO grade 4) glioblastoma multiforme while one patient was diagnosed with a low-grade (WHO
grade 2) oligodendroglioma. The study represents the first clinical CEST study on human brain tumor patients
with densely sampled frequency offsets at 7 T, thus allowing quantitative CEST after the separation of all contri-
butions to the Z-spectrum by Lorentzian fitting. For high-grade gliomas the study revealed an overestimation of
the CEST contrast of amide protons in uncorrected CEST images, mainly due to T1 scaling. A Student’s t-test
confirmed that there was no significant difference in the quantitative AREX signal of amide protons between tu-
mor infiltrated and normal-appearing tissue. For the AREX signal of the rNOE of aliphatic protons, a significant
signal decrease in tumor tissue, edema, and necrosis compared to healthy tissue was observed.
The recent discovery of an underlying aromatic rNOE in protein solution [19, 31, 112] at the amide proton res-
onance frequency led to the assumption that this rNOE could be responsible for the insignificant tumor contrast
in AREX(3.5 ppm) images as CE and rNOE exhibit counteracting effects in the tumor. Experiments with tis-
sue homogenate from pig brain confirmed the existence of this downfield rNOE and allowed its quantification.
Furthermore, these experiments allowed an estimation of the exchange rates of amide and amine protons and an
estimation of the pH in the chemical environment of the mobile proteins that contribute to the CEST signal in
vivo. In these experiments, only a marginal influence of the tissue integrity on the CEST signal was observed.
By assuming a constant ratio of up- and downfield rNOE signals based on their presumably same origin (mobile
proteins) the downfield-NOE-suppressed contrast dnsAREX was introduced. This signal shows similar structures
as gadolinium-enhanced T1-weighted images (gdce-T1), the gold standard in brain tumor diagnostics [13]. Thus
dnsAREX contrast may render a distinction between high-grade and low-grade tumors possible as it showed no
enhancement in the low-grade patient. However, the dnsAREX contrast resembles the contrast of amide proton
CEST without spillover, ssMT and T1 correction. A direct preparation of this contrast by means of TRE CEST
is not possible yet.
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A.1 Patient information
Data of the patient collective presented in this work.
Patient Diagnosis Age Sex Tumor localization Cortisone therapy
#1 GBM 45 m right temporal lobe no
#2 GBM 71 m right occipital lobe Dexamehason
#3 GBM 81 f left occipital lobe Dexamehason
#4 GBM 54 m left occipital lobe Dexamehason
#5 GBM 71 m left temporal lobe Hydrocortison
#6 GBM 61 m right frontal lobe Dexamehason
#7 GBM 69 m left frontal lobe Dexamehason
#8 GBM 75 m right occipital lobe no
#9 GBM 59 m left occipital lobe Dexamehason
#10 GBM 52 m right temporal lobe Dexamehason
#11 GBM 52 f right occipital lobe Dexamehason
#12 Oligodendroglioma 49 f right temporal lobe no
Table A.1: Patient data. GBM: glioblastoma multiforme.
A.2 Protocol settings for standard tumor imaging at 3 T
Settings for the standard tumor protocol at the University of Heidelberg Medical Center:
gdce-T1 T2-TSE T2-FLAIR ADC
(EPI readout)
echo time (TE) [ms] 4.04 86 135 90
repetion time (TR) [ms] 1710 5550 8500 5300
field of view (FoV) [mm2] 256 × 256 229 × 172 230 × 172 229 × 229
matrix 512 × 512 384 × 230 256 × 192 130 × 130
slice thickness [mm] 1.0 5.0 5.0 5.0
number of slices 196 26 26 25
b-values [mm2/s] 0;1200
Table A.2: Protocol settings for standard tumor imaging at 3 T
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A.3 Protocol settings for patient studies at 7 T
Settings for the protocol applied for the patient studies at 7 T:
localizer T2-TSE CEST SWI TOF
(GRE readout) (optional) (optional)
echo time (TE) [ms] 2.48 54 3.76 20 4.08
repetion time (TR) [ms] 5.60 12340 7.6 27 15
field of view (FoV) [mm2] 220 × 220 220 × 170 200 × 175 220 × 192 220 × 172
matrix 256 × 256 512 × 400 128 × 112 256 × 213 576 × 452
slice thickness [mm] 4.0 2.0 5.0 12.0 0.41
number of slices 30 32 1 23 93
Table A.3: Protocol settings for patient studies at 7 T
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